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This thesis addresses some of the issues that are facing the field of plasmonics 
research such as the high optical loss associated with waveguiding and 
difficulty in integrating plasmonic coupling in a III-V LED. Through our 
research, we show ways of mitigating loss using metal assisted photonic mode 
guiding. Instead of using the plasmonic mode which is very lossy, this mode 
offers much longer propagation with slight reduction in the confinement factor 
near its cut-off limit. This can be used as an alternative way of achieving 
amplification and even lasing using gain compensation.  
Fabrication of thin and smooth silver film is another challenge of plasmonic 
applications. Silver films deposited by common methods have shown a high 
surface roughness, which degrades the performances of plasmonic devices. In 
this thesis, we introduce a surface smoothing technique, gas cluster ion beam 
(GCIB) irradiation, to reduce the roughness and lower the optical loss of the 
silver films. This technology has the ability to smooth a surface, increases 
grain size and reduce voids in a single irradiation step. We show that ultrathin 
films formed by GCIB shows superior performance in terms of its optical and 
electrical properties after irradiation. This is due to the reduced scattering loss 
caused by polycrystalline silver films. We show for the first time, that this 
technique can be suitably used for plasmonic applications that require ultrathin 
films such as superlens and hyperlens.   
In addition, coupling SPs with quantum wells (QWs) in practical light emitting 
diodes (LEDs) is difficult since it is a near-field interaction. In this thesis, we 
demonstrate a way of introducing SPP coupling into an LED without having to 
VII 
 
modify the LED layer structure. This is a textured type of plasmonic LED 
structure that has not previously been studied in detail. Our results are very 
promising and we show evidence of coupling even at relatively large distances, 
through an increase in the recombination rate. As the textured design was 
made by a natural growth process, it eliminates any need for nanofabrication 
over a large area and thus can be easily adopted in industry. This design offers 
a simple approach of converting a conventional LED into a high speed LED 
for applications in visible light communications. 
This work has provided simple and effective solutions to the practical issues in 
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Chapter 1 Introduction 
1.1 History and discovery of surface plasmons 
Surface plasmons (SPs) are resonant electron oscillations at a metal dielectric 
interface. They are categorized as surface plasmon polaritons (SPPs) when 
they propagate along the metal-dielectric interface, or localized surface 
plasmons (LSP) when trapped at metallic nanoparticles. By coupling light to 
SP modes, the intense localized electric field of SPs at the metal/dielectric 
interface enables light to be guided, or trapped in structures with dimensions 
that are well below the diffraction limit. 
 
Figure 1.1 The Lycurgus Cup is green when observed in reflection (left) and 
red in transmission (right) [1]. 
 
SPs have a long history and have been studied in the field of surface science 
for more than one hundred years. In fact, since Roman times, people have 
found that doping metal salts or colloids can change the colour of glass. A 
famous example is the Lycurgus cup which is green in colour when it is 
viewed from reflection and red in colour when viewed in transmission. The 
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mechanism for this colour difference was not discovered until the 20
th
 century 
when scientists found it was actually due to excitation of LSP on silver and 
gold nanoparticles embedded in the glass [2] [3].  
Later in 1902, Wood observed unusual dark bands in the diffraction spectrum 
of a metallic grating, initially known as Wood’s anomalies [4]. By using 
Maxwell’s equations, Gustav Mie was able to derive the theory of light 
scattering and absorption by spherical particles (known as the Mie theory) to 
understand the colours of gold colloids in solution [5]. In 1941, Fano repeated 
Wood’s experiment and suggested that the phenomenum was due to the 
excitation of surface electromagnetic waves on the metallic grating [6]. 
Ritchie gave the first theoretical description of SP in 1957 by analyzing the 
electron energy loss in thin metallic films. He showed that SP modes can be 
found at metallic surfaces [7]. Ritchie and co-workers were later able to 
sucessfully explain the Wood’s anomalies in 1968 by using the concept of SP 
excitation on a metallic grating [8]. In the same year, optical excitation of SP 
via prism coupling was first demonstrated by Otto [9] and by Kretschmann 
and Raether [10]. Prism coupling provides a simple method to excite and 
characterize SP, which greatly accelerated the research in this emerging field. 
Since then, many discoveries in the field of plasmonics have been reported.  
 
1.2 Applications of plasmonics 
Plasmonics has been widely applied to waveguiding, lithography and focusing 
due to the ability to confine, guide and focus light at the nanoscale. Light 
confinement using plasmonics has shown great potential for the integration of 
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photonics with electronics at the nanoscale for information technology [11] 
[12]. By miniaturizing photonic chips, low cost and small footprint electronic 
chips can be integrated with high bandwidth plasmonic chips to meet the 
growing demand for high-speed computation and communication. 
Conventional photonic circuits that utilize index guiding are restricted by the 
diffraction limit, thus impeding the development of devices with sizes down to 
sub-100 nm scale for visible and near infrared light. SPs however, can achieve 
strong optical confinement at a metal/dielectric interface with a typical skin 
depth of ~10 nm in metal, close to the scale of electronic circuits. Combining 
the existing state-of-art semiconductor technology with plasmonics provides a 
new solution to break the bandwidth limitation in conventional electronic 
chips and to achieve ultra-compact optoelectronic devices.  
 
Figure 1.2 Some examples of plasmonic components for light manipulation. 
(a) A type of semiconductor-based hybrid plasmonic waveguide with deep 
sub-wavelength confinement and low propagation loss [13]. (b) A dielectric-





Another interesting application of SPs is sub-wavelength imaging and 
nanolithography using a superlens [16]–[20] or hyperlens [21]–[25]. In 
conventional optics, due to the diffraction limit, the sub-wavelength 
information of objects decays evanescently in a medium with a positive 
refractive index, and thus cannot be captured in the image plane. Although a 
near-field microscope has been developed for sub-wavelength imaging, it is 
based on raster scanning rather than forming an image at once. In 2000, John 
Pendry proposed a new way to achieve sub-diffraction-limit imaging by using 
a “superlens” which comprises a thin flat slab of material with a negative 
refractive index [26]. This lens can strongly strong enhance the evanescent 
field that carries the fine feature information of objects, compensating its loss 
in the medium with positive index, and thus recovering sub-wavelength 
information in an image. Experimental verification of this concept was first 
demonstrated by using a photonic crystal structure [27], and subsequently 
shown in a metamaterials [28] at microwave frequencies. At optical 
frequencies, noble metals such as silver exhibit negative permittivity and are 
natural candidates for superlensing. Due to the low ohmic loss of silver, the 
silver superlens has been studied both theoretically [16] [17] and 
experimentally [18]–[20]. By using a 35nm thick silver film, Fang et al first 
reported sub-diffraction-limit imaging with 60 nm resolution at a wavelength 
of 365nm [18], shown in figure 1.2(a). This resolution was further reduced to 
30 nm by refining the silver surface roughness [29]. As it is in the UV regime, 
the silver superlens is also a very promising for applications in nanopatternig 
[30], which will give a much higher resolution than conventional UV 
lithography. A report from Fang et al has shown that the superlens lithography 
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enables fabrication of structures with a resolution of 110 nm and depth of 400 
nm at illumination wavelength of 364nm [31]. Besides using a slab-like 
structure, the concept of a superlens has also been extended to stacked 
dielectric-metal multilayer structures for sub-diffraction limited imaging at 
far-field, known as hyperlens [21]–[25]. For example, an image resolution of 
130 nm was obtained at far field by using a cylindrical hyperlens, shown in 
figure 1.2(b). Obviously, with the development of superlensing, the resolution 
of our existing optical imaging and lithography systems will be brought to a 
much higher level in the future.  
 
Figure 1.3 (a) Left is the schematic diagram of silver superlensing using a 
35nm thick silver film. The object is a 50nm thick Cr pattern with an array of 
60nm wide slots of 120nm pitch. Right are the AFM images of developed 
photoresist with silver superlens and without superlens [18]. (b) Left is the 
Schematic diagram of sub-diffraction-limit imagingin using a hyperlens. The 
structure of hyperlens consists of a 16 layers of cylinderical 
Ag(35nm)/Al2O3(35nm) films. Right are the SEM image of the object with a 
line width of 40nm and the hyperlens image with a resolution of 130nm [21]. 
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Besides enabling light manipulation at the nanoscale, SP coupling with a light 
emitter has also presented immense opportunities for engineering the optical 
properties of optoelectronic devices. For examples, strong enhancements of 
spontaneous emission rate and quantum efficiency have been demonstrated in 
quantum wells (QWs) through the use of SP coupling [32]–[43]. By depositing 
a metal film in close proximity to an InGaN QW, energy released by electron-
hole recombination can rapidly transfer to SPPs at the metal/GaN interface 
instead of photons. Due to the large density of SP states, this new 
recombination pathway leads to a strong enhancement of spontaneous 
emission rate. The first experimental demonstration of SP-QW coupling was 
shown by Gontijo et al in 1999 [32]. He reported a 55 times enhancement in 
spontaneous rate by placing single InGaN QW 12 nm away from an 8 nm 
thick silver layer. However, the photoluminescence intensity of QW was not 
improved at that time, due to the high absorption from metal. Later in 2004, 
great progress was made by Okamoto et al who demonstrated a 17 times 
increase in photoluminescence intensity and 6.8 times enhancement in 
efficiency by using a 50nm thick silver grating [33], which inspires a lot of 
interest to develop plasmonic light emitting diodes (LED). Recently, SP-QW 
coupling has also been further investigated by using LSP from metallic 
nanostructures such as nanoparticles [35]–[41]. These structures are normally 
fabricated on top [35] [38] or embedded into the carrier injection layer [39]–
[41] of LED to enable energy transfer from carriers to LSPs. Compared with 
metal films, metallic nanostructures exhibit less loss due to their higher 
scattering coefficients. As the resonance frequency of LSP can be easily tuned 
by tailoring the geometry or size of the nanostructures, they can be applied in 
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a large range of frequencies. Besides QWs, SP coupling has also shown the 
ability to increase the fluorescence and spontaneous emission rate in quantum 
dots [44] and dye molecules [45]–[47]. Take RhB 6G molecules as an 
example, up to 30 times fluorescent enhancement has been shown by coating 
molecules on a silver grating [47]. In addition, SP coupling has also been 
applied to organic LEDs [48]–[50]. By embedding the metallic nanostructures 
into the carrier transport layers, both the efficiency and electroluminescence of 
organic LEDs are enhanced. Besides its ability to enhance the emission and 
efficiency, SP coupling also shows a great potential for developing high speed 
light emitting devices. The modulation speed of a light emitting device such as 
LED is fundamentally limited by the carrier recombination rate or its lifetime. 
For instance, the long carrier lifetime (2-4ns) of LED places a fundamental 
limit on the modulation speed to 250MHz to 500MHz. SP coupling, however, 
can substantially reduce the carrier lifetime and thus increase the modulation 
speed of LED to the GHz range or even higher. This makes SP coupling 
highly desirable for applications in optical communications such as visible 




Figure 1.4 Examples of SP coupling with light emitter. (a) Top is the 
schematic diagram of SP-coupled InGaN QW. Bottom is the photo-
luminescence spectra of QW coated with 50nm thick silver (red), aluminum 
(blue) and gold (green). A significant enhancement in emission was obtained 
after depositing metals [33]. (b) SP coupling using silver nanoparticles in a 
GaN LED [37]. (c) Fluorescent enhancement of RhB 6G modelcules using a 
plasmonic metamaterials [45]. (d) A SP-enhanced organic LED with silver 
nanoparticles embedded in electron transfer layer [49]. 
 
1.3 Motivation for this thesis 
Although studies on SP have shown many interesting discoveries and 
applications in optics, plasmonics research is still in the research phase. There 
are critical issues that need to be addressed in order to bring plasmonics 
research a step closer to commercialization.  
The first issue is the high optical loss associated with metals in plasmonic 
waveguides. Although plasmonics can help miniaturize photonic circuits, the 
use of metal causes a high propagation loss in the waveguide. This loss comes 
from both ohmic loss and scattering loss. Ohmic loss is mainly due to the 
inter-band transition in metal, where electrons absorb photons and jump from 
a filled band below the Fermi level to higher energy levels. For commonly 
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used metals such as Ag and Au, the ohmic loss is very high in the visible 
range. This limits its applications in nanofludics devices and biosensors, which 
need visible wavelengths for excitation and detection of fluorescent markers. 
In this thesis, we aim to investigate the use of a metal-assisted photonic 
waveguide to achieve low propagation loss while still maintaining high 
confinement.  
Another issue lies in the difficulty of fabricating ultrathin and smooth silver 
films. Silver is often used in plasmonic devices at optical frequencies, due to 
its lower loss compared to other noble metals. The qualities of the silver film, 
such as smoothness and thickness, play an important role on the performances 
of plasmonic devices. For examples, the image contrast of a silver suprelens 
can be improved from 1.2 to 6.5 by reducing the silver surface roughness from 
5 to 2nm [19]. However, silver films deposited by common methods show a 
high surface roughness and percolation threshold. This causes a high 
scattering loss on surface and degrades the performances of plasmonic devices. 
In this thesis, we present a solution to this problem by using gas cluster ion 
beam (GCIB) irradiation. 
We have given many examples showing how plasmonics can help engineer 
the optical properties of emitters, such as efficiency and lifetime. However, 
there is comparatively less research on semiconductor optoelectronic devices. 
The challenge in implementing SP-QW coupling into a device is because of 
the strict requirement for near-field interaction. This is difficult to achieve as 
the carrier injection layer needs to maintain a high carrier mobility and in 
order to maintain the LED efficiency, a thicker depletion layer of about 70nm 
is required [40]. The third issue that we have addressed in this thesis is how 
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we can achieve SP coupling into a practical LED design for enhanced 
recombination rate and modulation speed. 
 
1.4 An overview of the thesis 
This thesis aims to solve several issues related to making plasmonic devices 
useful for real world applications and thus bridging the gap between research 
and commercialization in plasmonics. 
Chapter 2 provides the theoretical background of the research topics in the 
thesis. It includes the optical properties of metal, dispersion relation of SPP 
and the methods to excite and observe SPPs.  
Chapter 3 studies the trade-off issue of plasmonic guiding and demonstrates an 
alternative approach to achieve compact photonic circuits using metal-assisted 
photonic modes. This method takes advantage of both the high confinement of 
metal and low loss of polymer. We demonstrate light guiding through sharp 
bends with high transmission. We have set up a leakage radiation microscope 
for measuring the propagation length and effective mode index, and have 
conducted finite element method (FEM) simulations for calculating the 
bending loss and optical confinement of the waveguide. As polymer can be 
doped with gain medium, this chapter also introduces the gain-assisted light 
propagation in the waveguide. 
Chapter 4 introduces a new approach to reduce surface roughness and 
percolation threshold of thin silver films using GCIB irradiation. A 
comparison of silver films with and without GCIB is given, in terms of 
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roughness, correlation length, percolation threshold, electrical resistivity, 
optical loss, as well as the adhesion and durability. This chapter demonstrates 
that GCIB can be introduced into modern nanofabrication for enhancing the 
performances of plasmonic devices.  
Chapter 5 studies the SPP-QW coupling in a metal-coated V-pit GaN LED. 
This V-pit design enables a long range SP-photon coupling, which can 
significantly enhance the carrier recombination rate without affecting the LED 
electrical properties. This chapter mainly presents the photoluminescence, 
carrier lifetime and quantum efficiency of the LED deposited with different 
metals. Other factors including the metal-LED distance and V-pit density are 
also discussed. A detailed explanation is given through the calculation of SPP 
mode density and coupling efficiency. 
Chapter 6 is an extension of the preceding chapter, focusing on the 
electroluminescence and cut-off frequency of V-pit GaN LED. A free space 
LED modulation system was set up for characterization. This chapter verifies 
that SPP coupling can increase the modulation speed of LED. 




Chapter 2 Theoretical background 
2.1 Introduction 
Recently, modern technology has enabled us to fabricate nanoscale metallic 
structures, giving rise to many new and interesting optical effects. To 
understand these effects, this chapter presents some of the fundamental 
physics of plasmonics.  
 
2.2 Optical properties of metal 
The high density of free electrons in metals results in very different optical 
properties when compared to dielectric materials. Here, we will give a general 
description of the optical properties of metals by using a simple plasma model, 
where free electrons move collectively in a fixed background of positive ions. 
The dielectric function of plasma is given by 
  ( )    
  
 
      
 (2.1) 
where   is the frequency of the driving field,   is the collision frequency of a 
free electron gas and    is its plasma frequency. For the noble metals (eg. Au, 
Ag etc), electrons are not ideally free. At high frequency (    ), the filled 
  bands in a metal causes a highly polarized environment. Therefore, the 
simple plasma model needs to be modified by using a new term    to 
represent the dielectric constant at high frequency  
  ( )     
  
 




The dielectric function derived from the plasma model can also be described 
by the AC conductivity of a metal, which is also known as the Drude model. 
Figure 2.1 shows the dielectric function of Ag and Au measured by Johnson 
and Christy [51] and an overlay with Drude model curves. The fitting 
parameters for Ag in equation (2.2) are       ,     1.39x10
16
 Hz and 
  3.23x1013 Hz. Those for Au are       ,     1.38x10
16
 Hz and 
  1.08x1014 Hz. In Figure 2.1, we can see that the Drude model fits with the 
experimental data very well in the low frequency range. At higher frequency, 
however, the absorption from interband transitions in metal causes the 
dielectric functions to deviate from Drude model. Therefore, the Drude model 
is often used to study the optical properties of the metallic structures at low 
frequency. But at visible and ultraviolet ranges, the measured dielectric 
constants of metals are normally used. 
 
Figure 2.1 The dielectric functions of Au and Ag in Drude model (solid line) 
fitted to the values provided by Johnson and Christy(dots). 
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2.3 Surface plasmon polaritons 
Under certain conditions, the vast electron “sea” in a metal can oscillate 
coherently with an electromagnetic wave incident from free space, inducing 
confined and non-radiative surface electromagnetic waves. These waves are 
referred to SPPs if they are propagating on a continuous surface. The fields of 
SPP are strongest at the interface and decays evanescently in the direction 
perpendicular to the surface (figure 2.2). If the surface is smooth, SPPs are 
non-radiative and are gradually absorbed by the metal. However, if the surface 
has surface roughness or irregularities, SPPs can convert back to free 
electromagnetic waves due to scatterings. The conversion between SPPs and 
free electromagnetic waves is useful for excitation and observation of SPPs. 
 
Figure 2.2 Schematic diagram of SPP at dielectric/conductor interface [52]. 
The electric field decays evanescently in perpendicular direction of interface. 
 
2.3.1 Dispersion relation 
In optics, the relation between the frequency and wavelength or wave number 
is known as dispersion relation. To understand the physical properties of SPPs, 
we give a detailed derivation of the SPP dispersion relation. 
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We start by applying Maxwell’s wave equations to a simple geometry which 
comprises a dielectric half space (z>0) with positive dielectric constant    and 
a metallic half space (z<0) with a dielectric function   ( ), as shown in figure 
2.3. In the absence of external charge and current density, the Maxwell’s curl 
equations 
    ⃑   
  ⃑ 
  
 (2.1a) 
    ⃑        
  ⃑ 
  
 (2.1b) 
can be combined together to give 
      ⃑     
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 (2.2) 
The curl operator in equation (2.1) describes the rotation of the field in a given 
region. In Cartesian coordinates, it is defined by 
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Using      ⃑   (   ⃑ )     ⃑  and   (  ⃑ )   ⃑         ⃑ , equation 
(2.2) can be rewritten as 
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Figure 2.3 A simple geometry with a half space of a metal and a half space of 
a dielectric. 
 
If we neglect the variation of   over distances on one optical wavelength,    
 , equation (2.4) is simplified to 
    ⃑  
 
  
   ⃑ 
   
   (2.5) 
where   
 
√    
, is the speed of light in vacuum. To solve equation (2.5), we 
assume that the electric field is harmonic time dependent, which is written as 
 (   )   ( )     . Inserting  (   ) into equation(2.5) leads to 
    ⃑    
   ⃑    (2.6) 
where    
 
 
 is the wave vector of light in vacuum. 
Since the surface wave propagates along the x-direction at a flat interface, the 
dielectric constant   only varies in the z-direction and the electric field has no 
variation in the y-direction, therefore     ( ) and   (     )   ( )    .   
is a complex number which represents the propagation constant of the wave. 
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  , the curl equations are simplified 
to 
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               (2.8f) 
This set of equations allows two sets of solutions. One is transverse magnetic 
(TM) modes with electric field perpendicular to the xy-plane. The other one is 
transverse electric (TE) modes with electric field parallel to xy-plane. For TM 
modes, the wave equation (2.7) is written as  
 
    
   
 (  
     )     (2.9a) 
And the set of equation (2.8) can be simplified to  
      
 
    
   
  
 (2.9b) 
     
 
    
   (2.9c) 




    
   
 (  
     )     (2.10a) 
And the set of equation (2.8) is 
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   (2.10c) 
As SPPs are electromagnetic waves that oscillate in the perpendicular 
direction to surface, they are considered as TM modes. Therefore, equations 
(2.9) are applied to calculate the dispersion relation of SPPs. 
For the electromagnetic field in dielectric (   ) 
   ( )     
         (2.11a) 
   ( )     
 
     
   
         (2.11b) 
   ( )     
 
     
          (2.11c) 
and for the electromagnetic field in metal (   )  
   ( )     
        (2.12a) 
   ( )      
 
     
   
        (2.12b) 
   ( )     
 
     
         (2.12c) 
where      and      are the component of the wave vector perpendicular to the 
interface in metal and dielectric, respectively. Its reciprocal value,         , 
is defined as the decay length of the SPP fringing fields in the perpendicular 
direction. Here, the continuity at interface requires that 
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Therefore,  








Inserting magnetic field    to equation (2.9a), yields 
   
       
    (2.15a) 
   
       
    (2.15b) 
Putting equations (2.15) into equation (2.14b), we get the dispersion relation 
of SPPs at single flat interface 
     √
    
     
 (2.16) 
At a frequency when   (   )    (   )   , the wave vector    . This 
frequency is referred to as SP resonant frequency. This situation happens only 
when it is an ideal conductor (          ). For real metals, due to the 
electron damping loss and interband transitions,    is always a complex 
number and so is  . Therefore, the SPP energy attenuates when it is 
propagating. The SPP propagation length is defined as the travelling distance 
when the SPP intensity attenuates to 1/e of its initial value,     (      ). 
Figure 2.4 plots the dispersion relation of SPPs at Ag/air interface by using the 
Drude model. It shows that the wave vector of SPPs is close to    at low 




Figure 2.4 Dispersion relation of SPPs at Ag/air interface. 
 
2.3.2 Excitation of SPP 
According to the dispersion relation, the wave vector of SPPs lies at the right 
side of light line of the dielectric. Therefore, coupling light into SPP mode 
requires special techniques to satisfy the phase-matching condition. In 
experiment, we have mainly used prism coupling and grating coupling to 
excite SPPs. 
The configuration for prism coupling, which is also known as the 
Kretschmann method [10], is shown in figure 2.5(a). A thin metal film is 
deposited on top of a glass coverslip which is attached to a prism. Oil is put 
between glass and prism to achieve index matching. The incident light beam is 
reflected at glass/metal interface with in-plane wave vector           . At 
an incident angle when    equals to the wavevector of SPPs, 
              (2.17) 
the light from glass can be coupled into the SPP mode at metal/air interface. 
We have conducted a 2D simulation to show the excitation of SPPs by prism 
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coupling, as shown in figure 2.5(b). At a critical angle, most of light from 
prism is coupled to SPPs at Ag/air interface. 
 
Figure 2.5 (a) The schematic diagram of prism coupling setup. (b) Calculated 
electric field distribution at the incident angle that most light in prism is 
coupled to SPPs. 
 
Grating coupling is another common method for SPP excitation. Compared 
with prism coupling, grating coupling can be applied to samples even with 
opaque substrates. For grating coupling, the phase matching between SPPs and 
incident beam is achieved by patterning the metal surface with a grating 
structure. Figure 2.6(a) shows a simple example of SPP excitation using a 1D 
grating. Phase matching takes place when 
                (2.18) 
is fulfilled, where   
  
 
 is the reciprocal vector of the grating, and   is an 
integer number. For normal incident (   ), the grating vector is set to be the 
same as SPP wave vector (   ), for maximum coupling efficiency. Figure 





Figure 2.6 (a) Schematic diagram of grating coupling. (b) The dispersion 
relation curve by grating coupling. The light line (dash line) is shifted by 
grating to cross with the wave vector of SPP (solid line). (c) Schematic 
diagram and simulated electric field of SPP excitation using grating coupler. 
 
Besides these two coupling schemas, SPPs can also be excited by using a 
highly focused optical beam [53] or near-field illumination from sub-
wavelength aperture [54]. The advantage of near-field illumination is that it 
allows local excitation of SPPs in sub-wavelength area.  
2.3.3 Observation of SPP 
Since SPPs are non-radiative electromagnetic wave that cannot be directly 
observed from the far-field, observation of SPPs requires special techniques. 
In this thesis, two SPP imaging methods are used: scanning near-field optical 
microscopy (SNOM) and leakage radiation microscopy (LRM). A detailed 





This chapter introduced the background theory which is used in the research 
topics presented in this thesis. An introduction to optical properties of metal, 
the basic physical properties of SPPs, a detailed derivation of dispersion 




Chapter 3 Metal-assisted guiding in polymer-metal waveguide 
3.1 Introduction 
Plasmonic waveguides have been studied extensively since they are capable of 
light guiding beyond the diffraction limit. However, due to the relatively high 
absorption from the metal, plasmonic waveguides have a high propagation 
loss. This situation gets worse as the frequency increases to the visible range 
where inter-band transition in metals starts to occur. This limits its 
applications in lab-on-a-chip and biosensors which need visible light to excite 
and detect fluorescent markers [55]–[57]. In order to reduce the loss and 
effectively confine light at the nanoscale, various types of plasmonic 
waveguide such as metal stripe [58], V-grooves [59], and nanowires [15] [60] 
have been demonstrated. Metal stripe waveguides have shown a long range 
SPP propagation but with a very poor confinement. Metal grooves can achieve 
both strong confinement and low loss by compressing light into the gap 
between two metal sidewalls. However, the fabrication of metal grooves could 
only be achieved by focused ion beam milling due to its stringent requirements 
on surface smoothness and bottom tip sharpness. Metallic nanowires formed 
by chemical synthesis have also shown a low propagation loss due to their 
atomically smooth surface, but it is difficult to fabricate or integrate into an 
arbitrary circuits. Other types of plasmonic waveguides such as metal-
insulator-metal [61] [62], metal slit [63], particle chains [64] and dielectric-
loaded plasmonic waveguides [65]–[67] have also been investigated. Although 
strong confinement has been demonstrated in these waveguides, these designs 




To reduce the loss while maintaining a high confinement, a hybrid plasmonic 
waveguide, which consists of a high index cylinder on a metal surface 
separated by a sub-10nm gap consisting of a low index material, has been 
proposed [68]. It makes use of a hybrid plasmonic mode which can achieve a 
tight mode confinement (λ2/400 to λ2/40) with a long propagation length (40-
150µm) at telecommunications wavelength. This approach was later 
experimentally proved using a high index semiconductor strip with a 
nanoscale separation from metal [13]. Although this design works well in the 
infrared regime, the optical loss in visible range is not significantly improved. 
As the wavelength changes from 808nm to 633nm, the propagation length 
reduces rapidly from 16µm to 5µm. In addition to the improvement made 
through optimizing waveguide structures, introducing a gain medium into the 
waveguide has also been demonstrated as an alternative approach to achieve 
high confinement and long range guiding by compensating for the loss in the 
waveguide. For example, an enhancement of SPP propagation at telecom 
wavelength has been reported by doping PbS quantum dots [67] in a 
dielectric-loaded plasmonic waveguide. However, this approach is only 
suitable for low loss SPP modes. For low loss and poorly confined SPP mode, 
a net positive gain over macroscopic distance can be achieved by using 
fluorescent polymers [69]. But for a highly confined SPP mode at visible 
wavelengths, propagation loss is normally in excess of 1000 cm
-1
, which is 
above the capability of most gain media. 
This chapter studies the optical performances of both plasmonic and photonic 
guiding in a polymer-metal waveguide, and demonstrates a metal-assisted 
photonic mode as an alternative approach to achieve long range and high 
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confinement guiding at visible frequencies. The first section introduces the 
fabrication method of the waveguide, and gives a detailed description of a 
leakage radiation microscope that was developed for the characterization of 
these waveguides. Simulations were performed using the finite element 
method. The second section discusses the trade-off issue of plasmonic guiding, 
and compares the optical performances of both plasmonic guiding and 
photonic guiding in terms of propagation length, confinement and bending 
loss. As polymer can be doped with gain medium, the last section presents the 
gain-assisted light guiding in the waveguide. 
 
3.2 Sample preparation 
Polymer-metal waveguides were fabricated by patterning photoresist on top of 
a metallic film. Two techniques are utilized: electron beam lithography (EBL) 
and electron beam physical vapour deposition (EBPVD). The fabrication of 
this waveguide was achieved by four steps, as shown in figure 3.1. First, a 100 
nm thick silver (Ag) film was deposited on a quartz substrate by EBPVD 
(Denton Explorer) at a base pressure of 5x10
-7
 Torr and a deposition rate of 2 
Å/s. In the second step, a layer of negative photoresist (maN-2400) was spin-
coated on top of Ag film at the spin-speed of 3000 rpm for 30s. The thickness 
of photoresist layer was 200 5 nm measured by atomic force microscope 
(AFM). In the third step, EBL (ELS-7000, ELIONIX, dose = 400 µC/cm
2
) 
was conducted to pattern the waveguide design on the photoresist layer. After 
irradiation, the sample was immersed in developer solution (ma-D 525) for 15 
s. The sample was subsequently immersed in isopropanol solution for 5 s and 
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dried spontaneously in air to remove any residual polymer on the surface. 
Figure 3.1(e) shows the SEM image of polymer-metal waveguides with a 
varying width. The length of each waveguide is 100µm and the widths of the 
waveguides are 150nm, 200nm, 300nm, 400nm, 500nm, 600nm, 700nm and 
800nm. 
 
Figure 3.1 The fabrication steps of metal-polymer waveguide. (a) Deposition 
of 100nm thick Ag. (b) Spin-coating of photoresist. (c) Photoresist patterning 
using EBL (d) Sample development. (e) SEM image of polymer waveguides. 




3.3 Characterization method 
In this work, LRM was used to study the optical properties of waveguides. 
LRM is a far-field imaging technique that can monitor the light propagation in 
a waveguide through the use of leaky waves in real time. These leaky waves 
are a part of optical energy leaking into the supporting substrate. This 
radiation loss occurs at all points of the dispersion curve that lie to the left of 
the light line of the substrate [70]. As leakage radiation has the same in-plane 
wave vector as guided light, LRM can measure both propagation length and 
mode index simultaneously. The following section describes the details of 
LRM setup, and introduces the method of obtaining propagation length and 
mode index from its real and Fourier image planes. 
3.3.1 Leakage radiation microscope 
Figure 3.2 shows the schematic diagram of LRM. A fibre coupled laser source 
is used as the light source in our setup. We have used two laser sources in this 
work: a He-Ne laser with a wavelength of 632.8 nm and a diode pumped solid 
state laser at 1064 nm. The incident laser beam is collimated using a plano-
convex lens reflected 90 degrees by a mirror and then focused at the edge of 
waveguide taper using an objective lens (NA=0.75, 40×, Zeiss), as shown in 
the inset of figure 3.2. Due to the sharp sidewall of waveguide taper, the laser 
beam scatters which can then generate a continuum of wave vectors. Some of 
them satisfy the phase-matching condition and are coupled into the waveguide 
[66]. Above the sample, a high numerical aperture (NA=1.4, 63×, Zeiss) oil 
immersion objective is used to collect leakage radiation from the quartz 
substrate. The NA of observation objective is critical to LRM, for it 




Figure 3.2 (a) Schematic diagram of LRM setup. Inset is the SEM and real 
plane optical image(bottom) of waveguide and the Fourier image of optical 
mode. (b) Digital photo of LRM. 
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The microscope system is equipped with two image planes. One is the real 
image plane which can directly visualize the light propagation and measure 
the propagation loss in the waveguide; the other one is the Fourier image plane 
which can be used to determine the effective mode indices and wave vectors. 
3.3.2 Real and Fourier image planes 
The methods for determining the propagation length and mode index from the 
imaging system in LRM is now discussed. The propagation length is defined 
as the length at which the intensity decreases to 1/e of its initial value. Since 
the light intensity leaking into substrate is proportional to the light intensity in 
the waveguide, leakage radiation can be used to determine the intensity 
distribution in the waveguide. The propagation length is obtained by fitting an 
exponential decay function to the intensity change along the propagating 
direction. The decay function is written as ( )      
    , where   is the 
distance,    is the light intensity at the initial point, and   is the propagation 
length. To avoid the saturated pixels around excitation spot, the fitting region 
was chosen 20 µm away from the excitation spot, as indicated in figure 3.3(a). 
Figure 3.3(b) shows the exponential decay curve fitted to the light intensity in 




Figure 3.3 (a) Real plane image of photonic guiding in waveguide. (b) Light 
intensity in the fitting region and its exponential fitting curve. 
 
The Fourier image plane is a Fourier transform of the real image plane. It 
shows the wave vector of light and can provide the effective index of each 
mode in the waveguide. As higher order modes have different wave vectors, 
the Fourier image is also a useful tool to identify each mode when multiple 
modes are excited in waveguide. Figure 3.4(a) shows the Fourier image when 
only a single mode is excited. This mode appears as a straight line and the 
excitation beam appears as a disk in the image. The radius of disk is 
determined by the NA of excitation objective. Scattered light that couples to 
SPPs at Ag/air interface can be seen as a bright ring surrounding the disk. The 
original point in Fourier image is at the centre of disk, corresponding to in-




Figure 3.4 (a) Fourier image of photonic guiding. (b) Sketch of the polymer-
metal waveguide structure and phase matching condition. 
 
The effective mode index can be determined by the vertical distance from 
origin point to the straight line: 
             (3.1) 
where   is the vertical distance (unit: cm) in the Fourier image,          is 
the wave number in vacuum and         is a constant. The value of   can 
be calibrated by the radius of disk   (unit: pixel) and    of excitation 
objective:  
      
(  )  
 
 (3.2) 
By combining equation (3.2) and equation (3.1), we obtain 
         






(  )  
 
   (3.3) 
Since (  )   is a constant (= 0.75) in our setup, the effective mode index can 
be simply calculated by measuring the radius of disk   and vertical distance   
in the Fourier image. Due to the limited collection angle of the observation 
objective, there is a maximum limit for mode index measurement. According 
to the phase matching condition,  
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                     (3.4) 
the maximum mode index that can be measured is 
     
              (  )   (3.5) 
where    is the refractive index of substrate,      is the maximum light 
collection angle. From equation (3.5), we can see that the maximum mode 
index      is limited by the NA of observation objective which is 1.4 in our 
setup. 
 
3.4 Simulation method 
In order to compare our experimental measurements with ideal structures, we 
performed simulations using the finite element method (FEM). The simulation 
software used was COMSOL Multi-physics with the Radio Frequency (RF) 
module [71]. The advantage of FEM is that it can be applied to any complex 
geometry. In addition, it can calculate the electromagnetic field distribution in 
both time and frequency domain, and can solve problems involving dispersive 
materials, such as metal. All these features make FEM highly suitable for the 
modelling of metallic nanostructures. 
3.4.1 Finite element method 
FEM is a numerical approach to solve partial differential equations. It works 
on the basis of subdividing the whole problem domain into finite elements 
with simple shapes. Each element is represented by a set of simple equations 
that locally approximate the complex PDE. All the simple equations are then 
systematically recombined and analyzed to give an approximate solution to the 
whole problem domain. Since these elements can form arbitrary shapes, FEM 
34 
 
is a very useful tool to study systems with a complex geometry. FEM has been 
applied to solve Maxwell’s equations in microwave and optical waveguide 
systems [72]. FEM calculations of polymer-loaded metallic waveguides were 
carried out using the RF module in COMSOL Multi-physics. This module has 
already been used to design various plasmonic devices, such nanoantennas 
[73], waveguides [74], planner lens [75], and metamaterials [76]. In this 
chapter, this module is applied to calculate the propagation length, optical 
confinement and the transmission of 90° bent waveguides. 
3.4.2 Simulation model 
For the calculation of propagation length and optical confinement, we have 
used a 2D mode analysis model in the RF module. This model calculates the 
eigenmodes in the waveguide and returns the field distribution and complex 
mode index      of each mode. The real part of      is the effective mode 
index and reflects the group velocity of light in the waveguide. The imaginary 
part of      represents the propagation loss and can be used to derive the 
propagation length of a mode using the formula   [   (    )]
  
. The 
optical confinement is defined as the fraction of guided optical energy to the 
total energy, which is calculated by dividing the optical energy in polymer, 
∬  ⃑     
    
 by the total energy,∬  ⃑     
   
.  
The waveguide structure in simulation consists of an air cladding layer, 
polymer block, a Ag layer and a quartz substrate (figure 3.5(a)). All 
boundaries are set to be perfect matching layers (PML). The refractive indices 
for all the materials are listed in Table 3.1. The dielectric constants of Ag are 
obtained from the Palik database [77], which it is directly measured from Ag 
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films. Simulations show a good agreement with experiments by using this 
database. The refractive index of polymer is provided by the company (Mirco 
Resist Technology), and its Cauchy equation is given by 
  ( )                  (3.6) 
where   (unit:µm) is the wavelength in vacuum. 
The transmission for the 90° bend waveguide was calculated by a 3D model 
using the RF module (figure 3.5(b)). All boundaries are PML except the input 
port. A TE0 mode is launched at port 1 and travels through the 90° bend 
waveguide to port 2. Transmission is obtained by calculating the optical 




Figure 3.5 (a) 2D simulation model for mode index calculation. (b) 3D model 
for calculating transmission of 90° bent waveguide 
 
Table 3.1 Refractive index of material in simulation 
Refractive index Ag [77] air maN quartz[78] 
λ=633nm     
n 0.135 1 1.64 1.457 
k 3.98 0 0 0 
λ=1064nm     
n 0.235 1 1.615 1.449 
k 7.23 0 0 0 
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3.4.3 Mesh settings 
The mesh settings in the model are based on triangular (in 2D) and tetrahedral 
(in 3D) shaped elements. In general, a finer mesh produces a more accurate 
result. COMSOL provides predefined mesh settings, such as “coarse”, 
“normal”, “fine” and “extra fine”. The parameters of the predefined settings 
are listed in table 3.2. Figure 3.6(a) shows the plot of calculated mode index 
with the predefined mesh settings. A good convergence can be obtained by 
applying the predefined “fine” mesh setting to the whole simulation region 
(figure 3.6(b)). 
 
Figure 3.6 (a) Plot of calculated mode index with predefined mesh settings. (b) 
A meshed view of waveguide structure using predefined “fine” mesh setting. 
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Table 3.2 Parameters of predefined mesh setting 
 
 
3.5 Fundamental modes 
There are two fundamental modes, TE0 and TM0, in the waveguide. The 
simulated electric field distributions of both modes are shown in figure 3.7. 
TE0 mode is referred to as the fundamental photonic mode, for it is similar to 
fundamental photonic mode in a conventional rectangular waveguide and is 
restricted by the diffraction limit of light. TM0 is referred to as the 
fundamental plasmonic mode with electric field strongly confined at the 
polymer/metal interface. TE0 is an s-polarized mode with polarization 
perpendicular to the incident plane. And TM0 is a p-polarized mode with 
polarization in the incident plane. By controlling the polarization of laser, we 
can choose to excite either the plasmonic mode or photonic mode in the 
waveguide. Here, we have studied the optical performances of both modes in 
terms of both propagation length and confinement. 
 
Figure 3.7 Electric field distribution of (a)TM0 mode and (b)TE0 mode. 
Parameters (unit:µm) coarse normal fine extra fine 
Maximum element size 0.15 0.1 0.08 0.035 
Minimum element size 0.028 0.018 0.01 0.0015 
Element grow rate 1.6 1.5 1.45 1.35 
Resolution of curvature 0.7 0.6 0.5 0.3 
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3.6 Plasmonic guiding at NIR 
Near Infrared (NIR) is the frequency range that is widely used in optical 
communications. Due to the diffraction limit, it is difficult to confine NIR in 
nanostructures in conventional optics. Since plasmonic guiding is not 
restricted by the diffraction of light, it provides a solution to guide NIR at the 
nanoscale. This section investigates plasmonic guiding at the wavelength of 
1064 nm. The propagation length, effective mode index and the confinement 
of plasmonic modes are presented. The trade-off between confinement and 
propagation length is also discussed.  
3.6.1 Propagation length 
Propagation length is an important parameter to determine the optical loss in a 
waveguide. Here, we measured the propagation length of the plasmonic mode 
by LRM, and compared it with the calculated result. Figure 3.8 shows the 
propagating plasmonic mode in the waveguide with a width of 150 nm, 300 
nm, 500 nm and 700 nm. At a width of 150 nm, a long range TM0 mode can 
be seen from the image. It is remarkable considering the width is 7 times and 
height is 5 times smaller than the wavelength. As the width increases to 500 
nm, the propagation length becomes much shorter. At the width of 700 nm, the 
higher order plasmonic mode (TM1) is excited in the waveguide, which can be 




Figure 3.8 Plasmonic mode in polymer-metal waveguide at 1064 nm at a 
width of 150 nm, 300 nm, 500 nm and 700 nm. 
 
Figure 3.9 shows the measured and calculated propagation length of 
plasmonic modes in the waveguide. From the calculated result, the 
propagation length of the TM0 mode decreases rapidly as the width increases 
from 100 nm to 300 nm. As the width goes above 400 nm, it decreases slowly 
and gets saturated at 12 µm. Simulation also shows that a higher order mode 
TM1 starts to occur in the waveguide for a width above 600 nm. From the 
experiments, the measured data shows that the propagation length decreases 
from 34 µm to 18 µm as the waveguide width increases from 150 nm to 500 
nm, which agrees well with the simulation. However, for widths above 600 
nm, the measured value deviates from the simulation due to the higher order 




Figure 3.9 Measured (dots) and calculated (solid curves) propagation length 
of plasmonic modes at the wavelength of 1064 nm. Inset shows the TM0 and 
TM1 mode profiles. 
 
3.6.2 Effective mode index and confinement 
We have also measured the effective mode indices of plasmonic modes from 
the Fourier image. Figure 3.10 shows the Fourier images of plasmonic guiding 
and corresponding mode profiles in the waveguide with a width of 150 nm, 
300 nm, 500 nm and 700 nm. For a width below 600 nm there is only a 
straight line shown in the Fourier image because only the fundamental TM0 
mode is supported in the waveguide. The vertical distance from the centre of 
the disk to the straight line corresponds to the effective mode index. As the 
width increases, the straight line moves away from the disk indicating that 
there is an increase in mode index with width. At a width of 700 nm, an 





Figure 3.10 (a) Fourier images and (b) corresponding electric field 
distribution of plasmonic guiding in the polymer-metal waveguide at a width 
of 150 nm, 300 nm, 500 nm and 700 nm. 
 
The measured mode indices together with the calculated results are shown in 
figure 3.11(a). The measured results show a good agreement with simulation 
except that it is a little lower than the calculated result for width above 500 nm. 
Since simulation does not include factors such as surface roughness, sidewall 
angle or corner curvature, the actual waveguide structure has a slight 
mismatch with simulation. Since the deviation increases with the waveguide 
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width, the main factor that causes such a deviation is the oblique sidewall 
which probably results from the photoresist shrinkage. As the waveguide 
width increases, the photoresist structure has more shrinkage. Therefore, 
experimental results of waveguides with a large width show more deviations 
from simulation results compared to that of waveguides with a small width. 
The increase of mode index with width can be explained from the mode 
profiles shown in figure 3.10(b). At a width of 150 nm, the mode is weakly 
confined with most of electric field outside the polymer. As the width 
increases, more electric field is confined in the polymer, resulting in an 
increase of mode index. The trade-off effect can be clearly seen from the 
confinement and propagation length curves plotted in figure 3.11(b). The 
propagation length increases at the expense of loss in confinement. Therefore, 
we need to find a compromise between confinement and propagation length. 
Due to its high loss, plasmonic guiding is mainly used for sharp bends and 
integrated with conventional straight waveguide for long range propagation. 
 
Figure 3.11 (a) Measured and calculated plasmonic mode indices. (b) The 




3.6.3 Plasmonic guiding at visible light 
Due to the inter-band transitions in metal, the propagation loss of plasmonic 
guiding is much higher as the frequency increases from IR to the visible range. 
According to the simulation, there is a significant reduction in propagation 
length of the TM0 mode as wavelength changes from 1064 nm to 633 nm, as 
shown in figure 3.12(a). The propagation length is very short at the visible 
range, due to high ohmic loss in the metal. At a width of 300 nm, the 
propagation length of TM0 is only around 3 µm at a wavelength of 633 nm 
which is too short for applications in microfludics and biosensors.  
 
Figure 3.12 (a) Simulated propagation length of plasmonic mode TM0 at 
633nm and 1064nm. (b) Effective mode indices of TM0 at 633nm. 
45 
 
Figure 3.12(b) shows the effective mode index of the TM0 mode at 633 nm. 
Since its mode index is higher than the NA (=1.4) of the observation objective 
for a width above 150 nm, which is beyond the limit of the LRM system, TM0 
modes at 633 nm cannot be observed. Therefore, we have only studied the 
propagation length and mode index of the TM0 mode through simulations. 
Although plasmonic modes can offer nanoscale light guiding, the high 
propagation loss limits their applications when applied to visible wavelengths. 
In order to achieve low loss guiding, we studied the photonic modes in the 
waveguide. 
 
3.7 Photonic guiding at visible wavelength 
This part investigates the propagation length and confinement of photonic 
guiding and gives a detailed comparison between photonic and plasmonic 
modes at a wavelength of 633 nm. 
3.7.1 Propagation length and confinement 
By controlling the polarization of the incident laser to correspond to the 
direction that is perpendicular to the waveguide, photonic modes can be 
excited in the waveguide. Figure 3.13(a) shows the propagation of photonic 
guiding in waveguides with a width of 300 nm to 800 nm. Due to the 
diffraction limit, waveguides that have a width below 300 nm cannot support 
photonic guiding. The corresponding mode profiles and Fourier images are 
shown in figure 3.13(b-c). At a width of 300 nm, the mode is weakly guided 
with most of the light leaking out of waveguide. This is consistent with the 
simulated mode profile in figure 3.13(c) in which most of field is concentrated 
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outside the waveguide. At a width of 500 nm, the propagation length of the 
TE0 mode becomes much longer and most of the field is confined to the 
polymer. As the width moves above 600 nm, a higher order mode (TE1) is 
excited in the waveguide, which can be inferred from the beating pattern in the 
real image and an additional line of lower index showing up in Fourier image. 
The intensity distributions of TE0 and TE1 in the 800 nm width waveguide are 
shown in figure 3.13(c). These images show that the TE0 mode is 
concentrated at the centre of waveguide while the TE1 mode is mainly 
confined to the edges of waveguide. 
 
Figure 3.13 (a) Photonic mode guiding in the waveguides with widths of 300, 
400, 500, 600, and 800 nm. The corresponding (b) Fourier images and (c) TE 
mode profiles in waveguides. 
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Figure 3.14 shows the experimental and theoretical values of propagation 
lengths and effective mode indices for both TM0 and TE0 modes. For 
photonic guiding, the experimental values of propagation length follow the 
same trend as the simulation results for a width below 600nm. As the width 
further increases, a discrepancy starts to occur, due to the excitation of higher 
order modes in the waveguide. Since the scattering loss from surface 
roughness is not included in simulation, the theoretical values are higher than 
the experimental ones for all points. Here, the minimum propagation loss 
0.25dB/µm for TE0 is obtained at a width of 500 nm, which is 5 times lower 
than that of TM0 mode. The difference in propagation length for TM0 and 
TE0 modes is attributed to their different field distributions in the waveguide. 
For TM0, since its field is tightly confined to the Ag/polymer interface, light 
in the waveguide experiences a high ohmic loss from the metal. But for TE0, 
most of its energy stays in the polymer and only a small portion of the energy 
interacts with Ag. Therefore, its propagation loss is much lower. For effective 
mode indices, a good agreement between experiments and simulations can be 
seen for photonic modes (TE0 and TE1). The index of the TE0 mode increases 
gradually from 1.02 to 1.23 as the width increases, indicating that an increase 
of optical confinement occurs as the width increases. The index of the TE1 
mode also increases with width, but it shows a lower value than the TE0 mode 




Figure 3.14 (a) Propagation length, (b) effective mode index. The solid curves 
correspond to the simulated result for plasmonic TM0 mode and TE0 mode. 
The black symbols correspond to the experiment data for TE0 mode. 
 
To compare the optical performances of both the TM0 and TE0 modes, figure 
3.15 plots the calculated values of confinement and propagation length for 
both modes at 633 nm. For the TM0 mode, the confinement factor increases 
rapidly as the width increases to 200nm and starts to get saturated at 85% at a 
width of 300 nm. But the propagation reduces sharply and gets saturated at 3.5 
µm. For the TE0 mode, although it shows a lower confinement factor that 
saturates at 65% for width of 500 nm, both confinement factor and 
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propagation length can increase simultaneously for widths from 300 nm to 600 
nm. As the width increases further, the propagation length reduces rapidly 
since higher portion of mode interacts with the metal. 
 
Figure 3.15 Calculated mode confinement (solid) and propagation length 
(dash) of (a) TM0 and (b) TE0 at λ=633 nm. 
 
Here, we can see that the photonic mode has different behaviour from the 
plasmonic mode. Since the photonic mode does not suffer from the trade-off 
effect, it is possible to find an optimum width that can achieve both high 
confinement and long propagation. From figure 3.15, the optimum width for 
the photonic mode is around 500 nm, and for the plasmonic mode is around 
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300 nm which is the point that confinement starts to get saturated. For such a 
condition, the photonic mode shows a 5 times lower propagation loss than 
plasmonic mode, making it a lot more useful for integrated circuits. 
3.7.2 Bending loss 
In this part, the bending loss and transmission efficiency of both TE0 and TM0 
modes will be compared at their optimum width which is 500 nm for the TE0 
mode and 300 nm for the TM0 mode. To study the bending loss of the 
photonic mode, we fabricated L-shape and U-shape waveguides with a radius 
of curvature from 5 µm to 0.5 µm. The LRM images for light propagation in 
bent waveguides are shown in figure 3.16. It can be seen that there is a 
significant transmission even at the bending radius of 1 µm. 
 
Figure 3.16 Optical images of TE0 mode in 90° bent waveguide with a radius 
of 1, 3, and 5 µm 
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Figure 3.17(a) shows the zoom-in view of TE0 mode in the 90° L-shape bend 
and its simulated electrical field distribution. The transmission curve was 
obtained by measuring the intensity at the input and output of the bend. The 
bending loss was calculated by subtracting the propagation loss from the total 
loss around the bend (dB/bend), 
             (
  
    







where   is the transmission around the bend and   is the radius of curvature. 
Here, we neglect other losses in the waveguide and assume that propagation 
loss is the same for the bend and the straight sections of the waveguide.  
Figure 3.17 (b-c) shows the transmission and bending loss for different 
waveguide radii. For the TE0 mode, its transmission initially increases with 
the radius of curvature until it reaches a maximum of 70% at radius of 3 µm, 
before reducing again. The bending loss decreases rapidly as the radius 
increases and saturates at 0.5 dB/bend for the radius of 3 µm. Therefore, the 
initial increase of transmission is due to the large reduction of bending loss. As 
the radius further increases, the propagation loss per bend increases linearly 
and becomes the dominant loss in the waveguide, resulting in an overall 
reduction in transmission with larger radius. The theoretical results of 
transmission and bending loss show a good agreement with experimental 
values. Fig 3.17(b-c) also shows the theoretical results of transmission and 
bending losses of the TM0 mode for a waveguide width of 300 nm. As the 
radius reduces, the transmission initially increases with radius until it reaches a 
maximum of 50% at a radius of 1 µm, and then decreases with radius. 
Although the bending loss of the TM0 mode is much lower than that of the 
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TE0 mode, its transmission is lower than that of TE0 for all radii of curvature 
down to about 1 µm. This is due to its much higher propagation loss. The 
transmission of the TM0 mode is higher than the TE0 mode only when the 
bending radius is much shorter than the propagation length. The transmission 
obtained from the TE0 mode is very impressive considering the low index of 
polymer and such a small radius of curvature. Due to the lack of published 
data at a wavelength of 633 nm, it is difficult to directly compare the bending 
losses of the TE0 mode with other types of plasmonic waveguides. A report 
published by Wang et al shows that the bending loss of Ag nanowires formed 
by chemical synthesisonly reduces to 1 dB at a radius of 30 µm [79], 
compared to 2 µm in our case. A report from Chu et al shows a similar 




Figure 3.17 (a) Calculated and experimental of electric field distribution of 
TE0 mode in an L-shape waveguide with a radius curvature of 1 µm. (b) 
Calculated and experimental results of the transmission and (c) bending loss 




3.7.3 Gain-assisted propagation 
Since polymer can be doped with a gain medium or other nonlinear materials, 
the photonic mode holds great promise for active photonic devices. This 
section describes the gain-assisted photonic guiding in a Rhodamine B (RhB) 
doped polymer-metal waveguide. 
Figure 3.18(a) shows the optical image of RhB-doped polymer-metal 
waveguides. Due to the fluorescence from RhB molecules, waveguides are 
reddish under white light illumination. The polymer was prepared by 
dissolving RhB powder into maN photoresist (mass ratio RhB : maN = 
0.5:100), and subsequently stirred for 4 hours. The fluorescence spectrum of 
RhB is shown in figure 3.18(b). It shows a strong fluorescence around the 
wavelength of 610 nm at 532 nm excitation.  
 
Figure 3.18 (a) optical images of RhB doped waveguides. (b) Fluorescencent 
spectrum of RhB pumped by 532 nm laser. 
 
Here, the propagation length of gain-assisted photonic guiding was studied in 
the waveguide at the optimum width of 500 nm. A 532 nm diode laser was 
used to excite the fluorescence of RhB molecules. Figure 3.19(b) shows the 
plot of propagation length with pumping laser irradiance. The propagation 
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length remains constant around 16µm for irradiance below 30 W/cm2, and 
increases to about 23 µm for 75 W/cm2, 45% higher than the initial value. Due 
to the photo-bleaching of fluorescent molecules, it is difficult to increase the 
pump power further. One approach to this problem is to use quantum dots 
(QDs) as a gain medium. QDs have shown a very high photostability under a 
high pump power [81]. Grandidier et al demonstrated that QDs can work even 
at a pump irradiance of 1000 W/cm
2 
[67]. Future work will focus on organic-
inorganic hybrid materials in order to achieve lossless guiding or simulated 
emission in the waveguides. 
 
Figure 3.19 (a) schematic diagram of RhB-doped polymer waveguide with 
laser pumping. (b) Plot of propagation length with pumping irradiances. 
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Another example of gain-assisted photonic guiding is the RhB-doped maN 
micron ring resonator, as shown in figure 3.20. The mass ratio of RhB to maN 
is 0.5:100. The sample was prepared by spin-coating an RhB-doped maN layer 
on an Ag film on a quartz substrate, followed by EBL at a dose of 400 μC/cm2. 
The thickness of the structures is 200nm. A straight waveguide is attached to 
the ring resonator for light coupling. The intended gap distance between the 
waveguide and the ring is 50nm. However, due to fabrication issue, there is 
some overlap between the waveguide and ring. But interestingly, a large 
portion of light was still coupled into the ring. This structure was simulated by 
FEM at the wavelength of 633nm. The electric field distribution is shown in 
figure 3.20(b). The coupling efficiency, defined as the ratio of optical power 
coupled into the ring to the total input power, was estimated to be 90% from 
simulation. It is consistent with efficiency obtained from LRM images (figure 
3.20(c)). Due to the propagation loss and bending loss in the waveguide, light 
coupled into the ring resonator attenuates rapidly and only reaches half of the 
circle. After applying the pump laser to the structure, the propagation loss was 
compensated by gain medium resulting in an increase of propagation length 
with pump power. At a laser density of 34.8 mW/cm
2
, light in the ring 
resonator travels almost a complete circle. 
Although no stimulated emission was observed in the structure due to the 
limited pump power, this experiment demonstrates the possibilities of making 
compact active photonic devices such as amplifiers or lasers by using metal-
assisted photonic guiding. In the future, we will try to minimize the size of the 




Figure 3.20 (a) optical image of a ring resonator attached to a straight 
waveguide. (b) Simulated electric field distribution in the ring resonator. The 
optical path for this structure is indicated as the white arrows. (c) Optical 
images of photonic guiding in the ring resonator at different pumping power. 
 
3.8 Conclusion 
In this chapter, we have investigated plasmonic guiding and photonic guiding 
in a polymer-loaded metallic waveguide. Plasmonic guiding suffers from a 
high propagation loss in the visible range, and is restricted by the trade-off 
between confinement and propagation length. However for photonic guiding, 
low loss visible light guiding with a high confinement is achievable. The 
optimum width that gives good confinement and propagation length was found 
to be 500 nm for the photonic mode and 300 nm for the plasmonic mode at the 
wavelength of 633 nm. Under such conditions, the propagation loss of 
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photonic and plasmonic modes was found to be 0.25 dB/µm and 1.25 dB/µm, 
respectively. For a 90° bend waveguide, transmission efficiency of 70% with a 
bending loss of 0.5 dB/bend was obtained for the TE0 mode at a radius of 3 
µm. Although the plasmonic mode has a higher confinement and lower 
bending loss, the photonic mode still shows higher transmission for all radii of 
curvature down to 1 µm. By using a slightly bigger polymer-metal waveguide, 
the photonic mode can be utilized for visible light guiding, which gives both 
longer propagation length and higher transmission around sharp bends. This 
makes photonic guiding in metal-polymer structures very promising for 




Chapter 4 Gas cluster ion beam irradiation 
4.1 Introduction 
In the visible and near-IR wavelength range, Ag shows the lowest intrinsic 
loss compared to other commonly used metals (e.g. Au, Al, and Cu) in 
plasmonics. However, due to its poor wettability, it is difficult to obtain 
smooth and thin Ag films by common deposition methods such as physical 
sputtering [82], electroless plating [83], chemical vapour deposition [84] or 
electron beam evaporation [85]. These methods usually produce a layer of 
polycrystalline Ag grains with a high surface roughness rather than a 
continuous film. This causes a high scattering loss and degrades the 
performances of plasmonic devices. Besides surface roughness, percolation 
threshold (PT) is another important factor for metallic films. PT is the point 
when a deposited metallic film transforms from being predominantly 
insulating to conducting [86]. Due to a large density of voids between Ag 
islands, Ag films below or near the PT have shown a much higher optical loss 
compared to that of bulk Ag [87]–[89]. It has been found that only when the 
film thickness exceeds 40nm that the optical properties become stable and 
approach those of bulk Ag [89]. This limits the applications in plasmonic 
devices that require ultra-thin metallic films such as superlens [90], multilayer 
metamaterials [91] [92] and long range SPP waveguides [93]. Take a Ag 
superlens as an example. The thickness is normally limited to 10-30nm [94], 
in order to achieve high quality imaging. In addition, optical loss of the thin 
metallic films is also very critical to the optical performance of plasmonic 
devices. Liu et al have shown that only reducing the roughness does not 
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improve the imaging resolution of superlens unless the optical loss is reduced 
[19]. 
To reduce the Ag surface roughness and PT, one common method is to deposit 
a 1-2nm thick seed layer such as Ge and Cr on substrate before Ag deposition 
[95] [96]. Surface roughness of only 0.2 nm and PT of about 3 nm have been 
demonstrated by this method. Although this method enables fabrication of 
ultrathin and smooth films, the optical loss was not reduced and even found to 
be much higher, due to the extra damping loss from the seed layer [96]. The 
seed layer reduces the size of Ag grains in the film and thus increases the 
density of grain boundaries. Since the size of these Ag nanocrystals is small 
compared to the mean free path of electrons (~40 nm [97]), electrons collide 
frequently with the grain boundaries, resulting in a much higher damping loss. 
Although these grain boundaries can be minimized by thermal annealing [98], 
Ag films can be easily oxidize or transformed into particles at high 
temperature [99]. Another approach to reduce roughness is to deposit Ag on a 
smooth substrate and then stripe it from the substrate to reveal the smooth 
back surface [100]. This method has shown to improve both surface 
smoothness and optical performance of Ag nanostructures, but it does not 
reduce the PT and cannot be applied to fabricate ultrathin Ag films.  
To enable fabrication of thin and smooth Ag films with low loss, this chapter 
introduces a surface smoothing technique called gas cluster ion beam (GCIB) 
irradiation. This method not only can reduce the surface roughness and 
remove grain boundaries, but also can lower the PT to sub-10 nm. Electrical 
and optical characterization of Ag films shows that both electrical resistivity 
and optical loss have been significantly reduced by this method. This chapter 
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starts with a detailed description of the GCIB setup and its smoothing 
mechanism, and the characterization techniques that are used for measuring 
the optical and electrical properties of silver. The second section presents a 
detailed comparison of GCIB-irradiated Ag films with non-irradiated films, in 
terms of surface roughness, correlation length, PT, electrical resistivity and 
dielectric constant. In the third section, the optical performance of a GCIB-
irradiated plasmonic waveguide is presented with experimental and theoretical 
results. The final section discusses the effect of GCIB on the adhesion and 
durability of the Ag structures. 
 
4.2 Gas cluster ion beam irradiation 
GCIB was first developed by Prof Yamada in 1998 [101]. Now it has been 
widely used in industry to smooth semiconductors and some other magnetic 
materials [102] [103]. Figure 4.1 shows the schematic diagram of GCIB 
processing. A gas cluster is produced by supersonic expansion of the high 
pressure gas as it passes through a shaped nozzle into vacuum. Once the 
nozzle opens, the gas molecules will expand rapidly into the chamber. Such 
supersonic expansion can quickly remove the heat of gas molecules and cause 
them to condense into clusters. This cluster consists of thousands of 
molecules/atoms bounded by Van de Waals forces. A skimmer is placed 
behind the nozzle to remove single molecules and only allow the clusters to 
pass through. The cluster is then ionized by electron bombardment and 
accelerated to 20 keV before disintegrating into individual constituent atoms 
when it hits the target. The average energy per atom is only few eV, which is 
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too low to penetrate into target surface. Therefore, this method will not cause 
sub-surface damage on the sample. The cluster current on the target is around 
30 µA [104]. At an acceleration voltage of 20 kV, the power of incident 
clusters is            . Since Ag is good thermal conductor, such a 
power will not significantly increase the sample temperature (at room 
temperature). Moreover, by focusing the cluster beam to a small spot, this 
technique can also be used to selectively smooth certain small areas on the 
sample.  
 
Figure 4.1 Schematic diagram of GCIB processing 
 
The smoothing effect has been studied by the angular distribution of surface 
atoms sputtered by cluster ions [104], as shown in figure 4.2. For monomer 
irradiation, due to the high energy of incident ions, cascade collisions are 
triggered inside the target. This leads to a random ejection of target atoms. 
Therefore, the angular distribution has a circular isotropic distribution. For 
cluster ion irradiation, however, the angular distribution is under-cosine and 
mainly at lateral directions. Due to the large density of low energy ions in the 
cluster, most of target atoms are sputtered laterally rather than vertically, 




Figure 4.2 Angular distribution of sputtered Cu atoms by Ar monomer (grey) 
and Ar cluster ions (black) at normal incidence [104]. 
 
4.3 Sample preparation 
Figure 4.3 shows the steps of sample preparation. First, glass substrates were 
ultrasonically cleaned by acetone, isopropanol and DI water in sequence for 5 
min in each step. Next, a series of 70 nm thick Ag films were deposited on 
glass substrates by EBPVD (Denton Explorer) at a deposition rate of 1 Å/s and 
a vacuum level of 5x10
-7
 Torr. After deposition, Ag films were irradiated by 










Figure 4.3 Schematic diagram showing the steps of sample preparation. 
 
Besides Ag films, we also studied the optical performances of GCIB irradiated 
Ag strip waveguides. Fabrication steps of the waveguide are shown in figure 
4.4. A layer of PMMA (positive photoresist, 200 nm thick) was first spin-
coated on a glass substrate, and then patterned by EBL. Then, the sample was 
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immersed in PMMA developer (1:3 MIBK to IPA) for 45 s, in order to 
remove the exposed photoresist. After developing, a 50 nm thick Ag film was 
deposited on sample by the EBPVD. The last step is to immerse the sample in 
acetone to perform metal lift-off. The final structure is a Ag stripe on the glass 
substrate, as shown in figure 4.4(e). 
 
Figure 4.4 Fabrication steps of Ag stripe waveguide. (a) Spin-coat of 
photoresist PMMA. (b) Photoresist patterning using EBL. (c) Sample 





4.4 Characterization techniques 
The electrical resistivity and optical loss of Ag films were obtained using a 
Hall measurement system and surface plasmon resonance (SPR) spectroscopy, 
respectively. The SPP propagation in the Ag stripe waveguide was observed 
by SNOM. 
4.4.1 Hall effect measurement 
The resistivity of the Ag film is measured by a four-point probe method in a 
Hall measurement system (BioRad HL5500). Four leads are connected to the 
corners of sample (figure 4.5). A DC current was injected from one lead to 
another, and a voltage meter was connected to the other two leads to measure 
the DC voltage. There are 8 measurements of voltage, which result in 8 values 
of resistance: 
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where     and     (           ) are the voltage and the current between lead   to 




Figure 4.5 Four point probe configuration 
 
The film resistance    can be determined by solving the van der pauw 
equation [105] 
                     (4.2) 
where 
    (                           )    
    (                           )    
The electric resistivity of Ag film is calculated using 
        (4.3) 
where   is the film thickness. 
4.4.2 Surface plasmon resonance spectroscopy 
SPR spectroscopy is an effective method to obtain the optical constant of 
metal film [106] [107]. It was conducted using a Kretschmann setup in which 
a glass substrate coated with Ag film was placed on top of a BK7 prism, as 
shown in figure 4.6(a). The light source was a linear polarized HeNe laser (at 
632.8 nm) mounted on one arm of a goniometer. The other arm of the 
goniometer was installed with a photodiode that was used for measuring the 
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reflectivity of Ag film. By controlling the open angle of two arms, reflectivity 
at different angles can be obtained. Figure 4.6(b) shows an example of the 
SPR curves for 55 nm thick Ag, GCIB-irradiated Ag and perfect flat Ag films. 
At the resonance angle, the laser from the prism will be coupled to the SPP 
mode at Ag/air interface, resulting in a drop of reflectivity in the SPR curve.  
 
Figure 4.6 (a) Schematic diagram of SPR setup. (b) SPR curves for 55 nm 




The dielectric constant of Ag was obtained by fitting the calculated SPR curve 
to the experimental one [106]. The equation for reflectivity in the prism-Ag-air 
system is given by 
      |
        
     




where       denote metal, glass and air respectively,   is the thickness of 
Ag film, and     (         ) are the Fresnel reflection coefficients for p-
polarization, given by 
    
         
         
   





    
    
    
 
 
√       
    is the wave vector component that parallel to the glass/metal interface at 
the incident angle  .   is the angular frequency and   is the speed of light in 
vacuum. By fitting equation (4.4) to the measured reflectivity, we can obtain 
the dielectric constant of Ag film. 
 
4.4.3 Scanning near-field optical microscope  
A commercial SNOM (Alpha 300, WITec) system was used to image SPPs in 
an Ag stripe waveguide. Compared to LRM, SNOM can provide a much 
higher resolution which is about 90 nm in our system, determined by the size 




Figure 4.7 (a) Schematic diagram of SNOM system. (b) Near-field image of 
SPP propagation in the Ag stripe waveguide [86]. 
 
Figure 4.7(a) shows the experimental setup of SNOM system. To collect the 
near-field intensity of SPP, a sharp tip with sub-wavelength aperture is held 
magnetically at the end of the objective’s arm, and is placed at the immediate 
vicinity of metal surface by feedback-loop technique. When the tip is within 
the evanescent field of SPPs, SPPs will be coupled into propagating mode in 
the tip. This propagating mode is then collected by an objective located above 
the tip. By using a raster scanning technique, intensity distribution of SPPs at 
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metal/air interface can be directly visualized. Figure 4.7(b) shows the near-
field image of SPPs in the Ag waveguide at a wavelength of 633 nm. The 
propagation length of SPPs is then measured by fitting an exponential decay 
function to the light intensity along the propagating direction. Here, a 50× 
objective lens was used to focus the laser at the grating structure of waveguide 
for SPP excitation, and a 20× objective lens was utilized to collect the coupled 
light in the tip. 
 
4.5 GCIB-irradiated silver films 
Although GCIB has been successfully used for smoothing a large range of 
materials, it has not been applied to plasmonic applications. This section 
investigates the effect of GCIB on Ag films and presents a detailed 
comparison of GCIB-irradiated Ag films with untreated film, in terms of 
surface roughness, correlation length, PT, electrical resistivity and optical loss.  
4.5.1 Surface roughness and correlation length 
Surface roughness and correlation length are two very important parameters to 
describe surface variations in vertical and lateral directions, respectively. 
Correlation length can also be used to estimate the average grain size on a 
surface [108]. Figure 4.8 shows the AFM images of the Ag films before and 
after GCIB irradiation with the doses of 1E+15, 5E+15 and 1E+16 ion/cm
2
. 
Before GCIB, the Ag surface exhibited a high surface roughness with peak to 
peak height R=42 nm and root-mean-square (RMS) roughness σ=4.9 nm. 
After GCIB, the surface became much smoother and grain size increased 
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significantly. At a dose of 1E+16 ion/cm
2
, the R and σ reduced to 13 nm and 1 
nm, respectively. And the maximum grain size increased to around 300 nm. 
 
Figure 4.8 AFM images of Ag films before and after GCIB irradiation with 




The change in RMS roughness and correlation length as a function of dose is 
plotted in figure 4.9(a). As dose increases, the surface roughness first reduces 
rapidly from 4.9 nm to 1.5 nm. After a dose of 5E+15 ion/cm
2
, it decreases 
slowly and saturates at 1.2 nm. For correlation length, it increases fast from 44 
nm to 115 nm as dose increases and then saturates at 152 nm. Both effects 
help to reduce the scattering loss as electrons experience fewer collisions at 
grain boundaries. In additional to the smoothing effect, GCIB irradiation also 
reduces the thickness of the Ag film. In figure 4.9(b), the Ag thickness reduces 




Figure 4.9 (a) Plot of surface roughness, correlation length and (b) thickness 
as a function of dose [86]. 
 
The effect of GCIB irradiation on a Ag surface is illustrated in figure 4.10. 
Since the Ag surface consists of small polycrystalline grains, GCIB irradiation 
causes the surface atoms to eject laterally and to fill up the valley or void 
between grains. Not only does the surface get smoother during irradiation, the 
grain boundaries in the initial state are also submerged by displaced atoms. As 
the region formed by displaced atoms is amorphous Ag, it is indistinguishable 
from the surrounding crystals, resulting in an increase of the lateral size of Ag 




Figure 4.10 The schematic diagram of the smoothing and thinning effect of 
GCIB on Ag surface [86]. 
 
 
4.5.2 Percolation threshold 
PT is an important parameter that determines the minimum deposition 
thickness for forming a continuous film. Here, PT of GCIB irradiated Ag films 
and as-deposited Ag films were estimated by the SEM images (figure 4.10). 
For as-deposited Ag films, at a deposition thickness of 10 nm, the film is 
discontinuous and is formed by a layer of isolated polycrystalline Ag islands. 
As the thickness increases to 13 nm, these particles join together and form a 
connected network with a high density of voids. Therefore, the PT for as-
deposited Ag film is estimated to be around 12 nm. At a thickness of 22 nm, 
the film is almost continuous with few voids observed in the film. For GCIB 
irradiated Ag films, the film is continuous even at a thickness of 13 nm. 
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Despite of the small number of voids shown in the layer, the film can still 
maintain its continuity even though the thickness reduces to 5 nm. As the 
thickness reduces to 3 nm, the film becomes discontinuous and the individual 
grains with diameter of around 300nm are observed in the image. 
 





Therefore, the PT for GCIB Ag film is estimated to be 4 nm which is 3 times 
lower compared to 12 nm of the as-deposited Ag. This result shows that GCIB 
can significantly reduce the PT, which enables fabrication of ultrathin 
electrically continuous Ag films. 
4.5.3 Electrical resistivity 
Ag is a good electrical conductor due to its low resistivity. However, as the 
film gets thinner, the discontinuities in the film result in a large increase of 
resistivity. Therefore, it is difficult to make ultrathin Ag film with low 
resistivity. This subsection investigates the effect of GCIB on the electrical 
resistivity of Ag films. In order to study the effect of surface roughness on the 
resistivity, we have also prepared a series of Ag films with a 2 nm thick Cr 
seed layer. An AFM image of the Ag film with a Cr seed layer is shown in 
figure 4.12(a). The RMS roughness of this film was measured to be 2 nm, 
which is much less compared to that of as-deposit Ag (σ=4.9 nm). The 
average grain size was found to be around 10 nm.  
Figure 4.12(b) plots the electrical resistivity of GCIB irradiated Ag, as-deposit 
Ag and Cr/Ag films against thickness. At a thickness above 60 nm, all Ag 
films show a low resistivity close to that of bulk Ag. As the film gets thinner, 
both as-deposited Ag and Cr/Ag films show a rapid increase of resistivity. At 
the thickness of 15 nm, their resistivity is almost 4 times higher than that of 
bulk Ag. Although the Cr/Ag film is more continuous and smoother than the 
as-deposited Ag film, the resistivity is not improved and even worse than that 
of as-deposited Ag. For GCIB irradiated Ag, the resistivity is much lower 
compared to both the as-deposited Ag and the Cr/Ag films. Even at the 
thickness of 15 nm, the resistivity of GCIB irradiated Ag is only slightly 
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higher than bulk Ag. As the film gets thinner than 15 nm, the resistivity starts 
to increases rapidly. This result shows that GCIB can significantly reduce the 
resistivity of a Ag film in the thin film regime, and also indicates that the 
resistivity is determined by the grain size or grain boundaries rather than 
surface roughness. 
 
Figure 4.12 (a) AFM images of Cr/Ag film. (b) Electrical resistivity of GCIB 




4.5.4 Optical loss 
The performance of plasmonic structures for imaging and lithography are 
highly dependent on the optical loss of metallic films. Therefore, it is 
necessary to investigate the effect of GCIB on the optical loss of a Ag film.  
Figure 4.13 plots the imaginary part of dielectric constant   (  ) for GCIB 
irradiated Ag, as-deposited Ag and Cr/Ag versus film thickness. The dash line 
represents the dielectric constant of bulk Ag,   (  )       [77]. For an as-
deposited Ag film, its   (  ) starts to deviate from that of bulk Ag at the 
thickness of 30 nm, and is almost 3 times higher at 22 nm. The   (  ) for 
Cr/Ag shows a similar curve as as-deposited Ag and is about 4 times higher 
than that of bulk at 22 nm. But for the GCIB irradiated Ag film,   (  ) 
remains the same as that of bulk Ag even at a thickness of 22 nm. 
 
Figure 4.13 Imaginary part of dielectric constant of Ag, GCIB-irradiated Ag 
and Cr(2nm)/Ag as a function of thickness. Inset shows the SPR curves for as-




These studies show that GCIB can reduce the electrical resistivity and optical 
loss of a Ag film, especially at a thickness ranging between of 10-30nm. For a 
Ag film with a 2 nm Cr seed layer, although the surface roughness is reduced, 
the electrical and optical properties have been found to be worse than those of 
as-deposited Ag film. These results indicate that scattering loss from grain 
boundaries is the key factor that causes the increase of loss in thin films. 
 
4.6 GCIB-irradiated plasmonic waveguide 
To investigate the effect of GCIB on the performance of plasmonic structures, 
we have also studied the propagation loss in a GCIB irradiated Ag stripe 
waveguides. Thin Ag stripes have been used in long range SPP waveguides 
[58]. Since the plasmonic mode is confined to the metal surface, the surface 
roughness of the metallic stripe is very critical to the SPP propagation length. 
Here, we have fabricated a 5 µm wide Ag stripe waveguide and measured the 
SPP propagation length using SNOM. Figure 4.14(a) shows the plasmonic 
mode profile in the waveguide by COMSOL simulation. A strong confinement 
can be seen at the metal/air interface. After applying GCIB, both the surface 
and sidewalls of the Ag stripe become much smoother (figure 4.14(b)). From 
the near-field images (figure 4.14(c)), a longer SPP propagation can be seen 
for the GCIB irradiated Ag waveguide. The measured propagation lengths for 
GCIB Ag and as-deposited Ag waveguides are presented in Table 4.1, as well 
as the simulated results. In simulation, we calculated the propagation length of 
a perfect flat Ag stripe without considering any surface roughness. At a film 
thickness of 22 nm and 55 nm, the propagation length of GCIB Ag 
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waveguides is very close to the simulated result, indicating that propagation 
loss due to surface roughness is minimized by GCIB. For as-deposited Ag, due 
to additional loss from the rough surface and grain boundaries, the propagation 
length is much lower than the simulated values. 
This result shows that GCIB irradiation can significantly reduce the SPP 
propagation loss in the plasmonic waveguide by reducing the roughness and 
optical loss of the metal. This technique also has a great potential for 
improving the optical performance of other thin film-based plasmonic devices.  
 
Figure 4.14 (a) Plasmonic mode profile of Ag stripe waveguide. (b) AFM 
images of waveguide before and after GCIB irradiation [86]. (c) Near-field 




Table 4.1 Experimental values of surface roughness, correlation length and 
propagation length for GCIB Ag and as-deposited Ag. The propagation length 
for flat Ag waveguide is also presented. 
 
4.7 Adhesion and durability properties of Ag  
Commercialization of plasmonic devices requires metallic structures to be 
highly adhesive and durable so that they can be more resistive to the 
environment. However, due to the low surface bonding energy, Ag has shown 
a poor adhesion onto insulators. This makes it difficult to fabricate plasmonic 
nanostructures on insulators, as structures can be easily stripped away together 
with photoresist during the lift-off process. Therefore, this part presents the 
study on the adhesion and durability of the Ag films after GCIB irradiation.  
Figure 4.15 shows the adhesion test using Scotch tape and laser irradiation on 
Ag. For a Ag film without GCIB irradiation, a large area is peeled off by 
Scotch tape or laser irradiation, as indicated by the red arrows. However, the 
Ag film after GCIB irradiation is almost intact, demonstrating a stronger 
adhesion on glass.  
Oxidization and sulfidation are the main causes to the degradation of Ag 
plasmonic structures. Figure 4.15(b) shows the optical images of waveguides 
that were taken one month after fabrication. It is clear that plasmonic 
Samples Thickness σ(nm) L(nm) Lspp(µm) 
Ag (ideal flat) 
22 nm 
0 0 1.54 
GCIB Ag 1.6 152 1.53 
As-deposited Ag 4.1 61 0.98 
Ag (ideal flat) 
55 nm 
0 0 4.62 
GCIB Ag 2 112 4.61 
As-deposited Ag 5 45 3.36 
81 
 
waveguide without GCIB is seriously oxidized after leaving it in air for one 
month. This is shown from the black speckles at the gratings and waveguide. 
However, for the Ag waveguide with GCIB irradiation, there is much less 
oxidization in the structure after keeping it in the same environment for the 
same time period.  
These results show that GCIB can help to improve the adhesion and durability 
of Ag structures. It helps to solve the problems for fabricating metallic 
nanostructure on insulator substrates, and effectively prevents Ag structures 
from degradation in air. Further investigation is still needed to explain the 
effect of GCIB on Ag degradation.  
 
Figure 4.15 (a) Ag adhesion test using a Scotch tape and (b) prolong laser 
irradiation. The red arrows show the position where Ag is removed by tape or 





This chapter shows that GCIB irradiation is an effective method for producing 
ultrathin and ultra-smooth Ag structures with low loss and high durability. It is 
a post-fabrication process that can be applied to metal films prepared by 
common deposition methods. After applying the GCIB process on Ag film, 
the surface roughness was reduced from 4.9 nm to 1.2 nm and the correlation 
length increased from 44 nm to 152 nm. Both electrical resistivity and optical 
loss of Ag films were found to be much lower after GCIB irradiation 
compared to those of as-deposited Ag films, especially in the thickness regime 
of 10 nm to 30 nm. We have also found that the increase in loss with reducing 
thickness is due to the scattering from grain boundaries and voids rather than 
the surface roughness. We have also demonstrated the ability to smooth both 
top surface and sidewalls of Ag structures, and to reduce the optical loss in 
plasmonic waveguides. The adhesion and the durability of metallic structures 
were found to be significantly improved by applying this technique, which 




Chapter 5 Surface plasmon enhanced V-pit textured LED 
5.1 Introduction 
Coupling SP with a light emitter allows one to engineer the optical properties 
of the light emitter such as spontaneous emission rate and quantum efficiency. 
One example is the coupling of SP with InGaN QWs. By placing a metallic 
film [42] [43] or metallic particles [36]–[39] in close proximity to the QWs, 
energy from carrier recombination can be rapidly transferred to SPs, leading to 
a strong enhancement in spontaneous emission rate. Neogi et al has 
demonstrated a 92 times enhancement in spontaneous emission rate when a 
QW is 12 nm from metal film [34]. Compared to conventional methods using 
cavity [110] or photonic crystals [111] [112] which normally show an 
enhancement factor <10, SP coupling provides a much higher enhancement 
without requiring any patterning. Even for a cavity with high quality factor 
and small mode volume, the enhancement factor only reach ~ 30 [113], which 
is still lower than SP coupling. The high enhancement factor and ease of 
fabrication make SP coupling highly desirable for improving the efficiency, 
brightness and modulation speed of current light sources such as LEDs. 
However, studies show that a strong coupling occurs through the evanescent 
near-field interaction [33] [43], which requires the QW-metal separation 
distance to be within 40nm. This makes it challenging to implement SP 
coupling into practical LED devices, since QWs in the LED are sandwiched 
by an n-type and a p-type carrier injection layers with a thickness of hundreds 
of nanometres. These layers introduce a large separation between the metal 
layer and the QWs, resulting in a very poor coupling efficiency.  
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In order to achieve electrical excitation of a LED while maintaining a strong 
SP-QW coupling, one approach is to introduce metallic particles into the 
growth of the GaN layer [39]–[41]. This method needs to a crystal re-growth 
process after the addition of the metallic particles. To maintain a high crystal 
quality, the coverage of particles is usually quite low (figure 5.1), which 
results in only 20-80% improvement in electroluminescence and around 2 
times enhancement in carrier recombination rate. Introducing metal can also 
lead to the formation of defects at the GaN/metal interfaces [114], which may 
degrade the LED efficiency.  
 
Figure 5.1 (a) Schematic diagram of SP-enhanced LED using metallic 
nanoparticles. SEM images of (b) Ag nanoparticles and (c) Pt nanoparticles. 
Images are all from [37]. 
 
Another approach to solve this problem is to selectively etch the top p-GaN 
layer and subsequently deposit a metal layer [115] [116]. In this way, the LED 
consists of portions of p-GaN layer that are thin enough for SP-QW coupling 
and other portions that are thick enough to form a p-n junction for current 
injection (figure 5.2). However, since a small portion of the LED is coupled 
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with SP, only a 45-80% increase in electroluminescence and 1.8 times 
enhancement in recombination rate has been demonstrated [115] [116]. 
Although these two methods can achieve SP-QW coupling without degrading 
the electrical properties of the LED, the overall coupling efficiency is quite 
low. As far as we know, no results on the modulation of SP-coupled LED have 
been reported.  
 
Figure 5.2 Schematic diagram of SP-enhanced LED using selective etching 
method [115]. 
 
In this chapter, we demonstrate an alternative approach to this problem using a 
textured LED design. This design has a large density of inverted hexagonal V-
pits, which allow effective excitation of SPP in LED. Instead of relying on 
direct SP-QW coupling, this design enables long range SP-photon coupling 
that can achieve electrical excitation and strong coupling simultaneously. This 
chapter introduces SP coupling in an LED, and describes the structure of 
textured LED, simulation method and the experimental setup. Then we present 
the effect of SPP coupling on photoluminescence, carrier lifetime and 
quantum efficiency of textured LED. A detailed theoretical explanation is also 
given through the calculation of SPP mode density and FDTD simulations. 
Other factors that affect the coupling efficiency, including the metal-LED 
distance and V-pit density are also discussed in this chapter. 
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5.2 SPP-QW coupling 
Light from LEDs is generated by spontaneous emission, which is the process 
that electrons in the conduction band recombine with holes in valence band 
and release energy by emitting photons. For a conventional LED, electron-
hole pairs in QWs have two recombination channels: radiative recombination, 
and non-radiative recombination. However, if the QW is placed very close to a 
metal with a separation distance within 40nm, an additional recombination 
path for electron-holes pairs will be created, due to the excitation of SPs at the 
semiconductor/metal interface. Since the density of SPP states is much larger 
than that of photons, the energy from electron-hole pairs transfers rapidly to 
SPPs, resulting in a strong enhancement in spontaneous emission rate. This 
process is known as SPP-QW coupling.  
The enhancement factor of the carrier recombination rate with SPP-QW 
coupling is given by 
     
           
       
   
    
       
 (5.1) 
where    and     are radiative recombination rate and non-radiative 
recombination rate, respectively.     is the energy transfer rate to SPPs. 
 
Figure 5.3 Schematic diagram of SPP-QW coupling 
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Although SP coupling can enhance the efficiency and emission rate in QWs, 
implementing this effect into a practical LED is very challenging. Here we 
take a flat GaN LED as an example. Figure 5.4 shows the plots of 
enhancement factors versus the QW-metal distance in GaN. Calculations were 
carried out by FDTD simulation by using a point dipole source [117], 
described in detail in Appendix B. At distance d=10 nm, up to 30 times 
enhancement is obtained for both Ag and Au. The maximum factor is shown 
at the SPP resonant frequency which is 460 nm for Ag and 550 nm for Au. As 
the distance increases, the enhancement factor reduces substantially and the 
peak shifts to longer wavelength. At distance d=50 nm, the factor reduces to 
around 1, indicating that there is almost no enhancement in spontaneous 
emission at this distance.  
 
Figure 5.4 (a) The schematic diagram of simulation model by using a single 
dipole source. Plots of the enhancement factor with QW-metal distance for 
50nm thick (b) Ag and (c) Au. 
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Therefore, in order to implement this effect into a GaN LED system, the 
thickness of the carrier injection layer, which is sandwiched between the 
InGaN and the metal layer, needs to be thinner than 40 nm for a strong 
coupling to occur. This is much less than the thickness (100-200 nm) of carrier 
injection layers in conventional LEDs, compromising the carrier mobility and 
LED efficiency. 
 
5.3 Structure of V-pit textured LED 
To solve this problem, we have used a different LED design, referred to as 
textured LED. This LED epitaxial wafer was made by a company. It consists 
of a 1 µm thick Si-doped n-GaN, 15 pairs InGaN/GaN QWs, and a textured 
Mg-doped p-GaN layer (figure 5.5). Unlike a conventional LED with a flat top 
layer, this p-GaN layer has a large density of V-pits with a varying thickness 
of 120 to 800 nm from the QWs.  
 
Figure 5.5 Cross-sectional TEM images of V-pit textured LED. 
 
From the literature, we found that the V-pits can be formed by low 
temperature GaN growth process (at ~800 °C), while normal GaN LED 
growth temperature is ~1000°C [118] [119]. They are a type of common 
defect in InGaN/GaN LEDs, which originates from threading dislocations 
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(TDs). Each V-pit has {1-101} facets with bottom connected to the TD (figure 
5.6(a)). SEM images (figure 5.6(b)) on LED show a random distribution of V-




. The dark dot at the centre of 
each V-pit is the TD. The average distance between TDs is around 400 nm 
which is calculated from the statistical data shown in figure 5.6(c). 
 
Figure 5.6 (a) 3D perspective of an inverted hexagonal V-pit structure. (b) top 
view (up) and tilted view (down) SEM images of textured LED surface. (c) 
The statistics of the separation distance between TDs. 
 
Cross-section TEM images (figure 5.7) at the V-pit region show that there are 
10 pairs of InGaN(3 nm)/GaN(12 nm) QWs and 5 pairs of InGaN(3 
nm)/GaN(27 nm) QWs below the V-pit. A large number of QWs not only can 
avoid the current saturation problem, but also help to promote the formation of 
V-pit [118]. From figure 5.7(a), we also can derive the depth of V-pit by using 
the relation,   
 
 
     
 
 
 , where   is the depth,   is the spacing, and   is the 
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open angle (≈56°). For the average pit spacing of 400nm, the averaged depth 
of V-pit is 376nm. At the closest point, the InGaN QW is 120 nm away from 
the bottom tip of V-pit. Although these V-pits originate from the TDs, they do 
not cause any degradation of LED efficiency, due to the multiple narrower 
InGaN(0.75 nm)/GaN(3 nm) QWs along the V-pit facets (inset of figure 
5.7(b)). Hangleiter et. al have found that these narrow QWs act as a potential 
barrier to shield carriers from the non-radiative recombination at TDs [120], 
since they have a higher energy bandgap compared to the c-plane QWs. It was 
further proved by the internal quantum efficiency (IQE) measurement 
conducted by Netzel et. al [121] who reported a 30% IQE for InGaN/GaN 
QWs with a V-pit density around 1×109/cm2. A large density of V-pits also 
can effectively reduce the loss caused by total internal reflection in GaN, 
which leads to a higher optical output compared to that of a flat LED [122].  
 
Figure 5.7 (a) Cross-sectional TEM images at the V-pit region. (a) The zoom-
in view shows that the minimum distance from V-pit to QW is 120nm. Inset 
shows that there are narrower QWs along the V-pit facets. 
 
5.4 Simulation method 
In this chapter, simulations were carried out by finite-difference time-domain 
(FDTD) method using Lumerical FDTD Solutions[123]. The FDTD method 
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belongs in the general class of grid-based differential numerical modelling 
methods, which is based on the finite difference method (Appendix C). FDTD 
is a very powerful tool to solve the electromagnetic problems, especially for 
those that involve broadband sources such as QWs. It allows the user to set 
arbitrary dielectric parameters at all lattice points, and also can provide 
animated displays of the electromagnetic field movement through the model, 
which is very useful for analyzing the interaction between SPP and QW. Most 
importantly, it can calculate the response of the system over a wide range of 
frequency by a single simulation, which greatly reduces the simulation time 
for broadband light sources.  
In this chapter, we have conducted 3D FDTD simulations to calculate the SPP 
coupling efficiency in the textured LED. The simulation boundaries are set to 
be PMLs, and the minimum mesh size is set to be 1nm
3
. The emitter is 
represented by a dipole with isotropic emission in x, y and z polarizations. The 
coupling efficiency     is determined from the fraction of total power 
transferred to SPPs, 
     
   
       
 (5.2) 
where         is the power emitted by dipole,     is the optical power coupled 
to SPPs.         was calculated by surrounding the dipole with a power 
transmission box [124] which can calculate the total power flow out of a 
dipole.     was calculated from the absorption of metal by using the 




5.5 Experimental setup 
The carrier recombination rate (or carrier lifetime) was measured by time-
resolved photoluminescence (TRPL) system, shown in figure 5.8. A pulsed 
diode laser (PicoQuant PDL-800B) at wavelength 405 nm with a pulse width 
of 50 ps and repetition rate of 2.5 MHz was used to optically pump the QWs 
in LED.  The laser beam, after passing through a set of lenses, was focused 
onto the polished backside of the sample. The sample was attached to a helium 
compressor with the ability to cool down from room temperature to 10K. 
Photoluminescence (PL) from QW was collected by a set of lenses and 
focused onto a monochromator (SP-2300i Princeton Instruments). A laser 
filter was placed after the lens to block the excitation laser. There are two 
outputs on the monochromator. One was connected to a CCD camera. The 
other one was connected to a photomultiplier tube (Hamamatsu). A mirror was 
used to switch between the two ports for spectroscopy and TRPL. The output 
signal from the photomultiplier was synchronized with the diode laser using a 
time correlated single photo counter (PicoHarp 300). It can measure the time 
delay between sample excitation by a pulsed laser and the arrival of photons 
detected by photomultiplier. The delay times are sorted into a histogram that 
plots the occurrence of emission with time after the excitation pulse. The 





Figure 5.8 Schematic diagram of the TRPL characterization setup 
 
5.6 Optical properties 
Carrier lifetime of QWs is an important parameter for the switching speed of 
LEDs. Due to the large density of SPP states, the carriers in QWs can rapidly 
release their energy to SPPs, resulting in a high recombination rate. Therefore, 
the carriers in a SP-coupled LED have a much shorter lifetime compared to 
that of conventional LED. However, this energy transfer rate is highly 
dependent on the metals due to their very different density of SPP states even 
at the same frequency. This rate will subsequently affect the PL intensity and 
efficiency of LEDs. Therefore, this section investigates the effect of metals 
(Al, Ag, and Au) on the PL intensity, carrier lifetime and quantum efficiency 
of the textured LED. The calculations of SPP density of state (DOS) and the 
coupling efficiency are also presented. 
5.6.1 PL intensity and Carrier lifetime 
To investigate the effect of metals on LED, a 50 nm thick metal film was 
deposited on top of LED by EBPVD. Figure 5.9(a) shows the normalized PL 
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spectra of metal-coated and bare samples. After depositing metal, PL intensity 
is reduced by 60% for Al, 97% for Ag and 99% for Au, compared to the bare 
sample. And the PL peak wavelength is blue shifted from 457 nm for bare 
sample to 448 nm for Ag, 449 nm for Au, and 455 nm for Al. The significant 
drop in PL intensity and the blue shift in the spectrum imply that there is a 
strong interaction between the metal and QWs. Figure 5.9(b) shows intensity 
of PL emission as a function of time at the peak wavelength using TRPL. A 
significant reduction of carrier lifetime can be seen for metal-coated samples.  
 
Figure 5.9 (a) PL spectra of textured LED coated with Ag, Al and Au. PL 
intensities of metal-coated LED are normalized to bare sample. (b) 




To obtain the carrier lifetime, the decay curves were fitted with a double 
exponential decay model [126], which is given by: 
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where    (        ∑     ) is the amplitude, and    (     ) is the decay 
constant. The amplitude-weighted lifetime is defined as 
 〈 〉            (5.4) 
And the mean lifetime is 
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 (5.5) 
The fitted curves are shown as the solid lines in figure 5.9(b) and the intensity 
decay parameters are shown in table 5.1. Taking   〈 〉  as the carrier 
recombination rate, Ag shows the highest recombination rate of 5.12 ns
-1
 with 
an enhancement factor up to 22.3 times compared to that of a bare sample 
(rate = 0.23 ns
-1
). Al and Au show an enhancement factor of 13.6 times and 
2.1 times, respectively. It is remarkable considering that metal is more than 
120 nm away from QWs. This effect, however, cannot be explained by the 
direct SPP-QW coupling since the QWs are far beyond the SPP field. We 
propose that the mechanism is SPP-photon-QW coupling where energy from 
carriers is transferred to SPPs via photon emission. 
From the above PL and TRPL measurements, the carrier lifetime and emission 
intensity are highly dependent on the metal. Here, Au is the least favourable 
metal of all, with the least enhancement and highest absorption. Ag produces 
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highest enhancement but with high absorption. Al shows the least absorption 
and relatively high enhancement. 
Table 5.1 Decay parameters for double exponential decay function 





Ag 0.88 65 0.12 1150 195 832 5.12 
Al 0.82 105 0.18 1300 320 978 3.125 
Au 0.63 340 0.37 4900 2064 4516 0.485 
No metal 0.61 750 0.39 9500 4357 9028 0.23 
 
The energy transfer is also closely related to the type of carriers whether they 
are unbounded (free electrons and holes) or bound (excitons) [127]. For 
unbounded free carriers, the recombination rate has linear dependence on the 
carrier density [128]. But for excitons, the density does not affect the 
recombination rate. To identify the type of carriers generated under optical 
excitation, the excitation-density dependence PL has been performed at room 
temperature (figure 5.10). A linear dependence of PL intensity is observed for 
all samples, indicating that spontaneous emission is dominated by excitons. 
Therefore, the lifetimes obtained from TRPL are independent on the intensity 




Figure 5.10 Plots of excitation power density dependence of integrated PL 
intensity. 
 
5.6.2 Internal quantum efficiency 
Internal quantum efficiency (IQE) is an important parameter to determine the 
efficiency of LEDs. It is defined as the ratio of the number of photons to a 
given number of electron-hole pairs. This part will investigate the effect of 
metal on IQE of textured LEDs. 
If we define    and     as the rates of radiative and non-radiative 
recombination, the IQE for conventional LEDs is written as 
   
  
      
 (5.6) 
After depositing a layer of metal, the SPP-QW coupling introduces an 
additional recombination path to eletrcon-hole pairs. So the total 
recombination rate is modified to 
                 (5.7) 
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As SPP can be converted to photons when the surface has roughness or 
dimples, the radiative recombination rate is written as 
   
              (5.8) 
where      is extraction efficiency, defined as the probability of radiative 
emission from SPs, which depends on the surface roughness and the geometry 
of metallic structure. Dividing equation (5.8) by (5.7), we can obtain the IQE 
of SP-coupled LED 
     
  
  
    
 
          
          
 
  
       
  
  
   
  
 
   
  
 (5.9) 
From equation (5.9), IQE of SP-couple LED not only depends on its initial 
radiative and non-radiative recombination rates, but also depends on the 
energy transfer rate     and extraction efficiency      . In the case where 
strong coupling occurs, 
   
  
 
   
  
, we can approximate         . 
To measure the IQE, we have performed low temperature PL for LEDs with 
different metals. The power density of pumping laser is around 100 mW/cm
-2
. 
The IQE at room temperature is determined by assuming that non-radiative 
recombination is fully suppressed at low temperature [129], η(10K) ≈ 100%. 
Figure 5.11 shows the temperature dependent integrated PL intensity for 
metal-coated and bare samples. At room temperature (300 K), the IQE for bare 
sample is 22 %. It reduces to 8.8 % for Ag-coated and 1.8 % for Au-coated 
LED. For Al-coated LED, the IQE remains relatively unchanged at 20 %. This 
result means that Al is able to convert about 20 % of the SPP energy into 
radiative photons as compared to 9 % for Ag. This difference is due to the 
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much lower SPP propagation loss for Al compared to Ag. It is worth noting 
that even though there is a high density of SPP states available for radiative 
recombination,     can still be lower than the original  , if most of the SPP 
energy is not converted to photons. In order to obtain      ,      needs to 
be larger than  . It means that it is difficult to obtain IQE enhancement for an 
efficient light emitter as compared to a poor emitter. Sun et.al. have also 
reported that SPP coupling is only useful for enhancing the IQE of an emitter 
with a poor efficiency [130]. In order to increase the radiative emission of 
SPPs on metal-coated V-pit, the future work is to optimize the V-pit structure 
or use metallic nanoparticles. 
 
Figure 5.11 Temperature dependent of integrated PL intensity for metal-
coated LEDs. The minimum temperature that the sample can be cooled down 




5.6.3 SPP mode density 
To understand the effects of metals on the carrier lifetime and IQE of LED, 
this part calculates the DOS of SPPs on V-pits for these metals.  
For spontaneous emission in a semiconductor, the recombination rate of an 
electron with a hole at the same   value is given by [131] 
     
     
  
    
|     |
 
  (  ) (5.10) 
where    is the optical density of states (DOS) for the polarization  ,      is 
the momentum matrix element,        ∫     
      
  . From equation 
(5.10), we can see that the recombination rate is highly dependent on the 
optical DOS. For SPPs at a given frequency ω, the DOS is expressed as [32]: 
  (  )  
      
(  )   (  )
 
    
      
 (5.11) 
where   is the SPP wave vector. In order to obtain the SPP wave vector 
generated on V-pit, we have simplified the V-pit structure as an inverted cone 
whose dispersion relation is described as [132]: 
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 (5.12) 
where    and      are relative permittivity of metal [77] and GaN [133].    is 
the wave vector of propagating wave in vacuum,    is the wave vector of 
surface plasmon,    and   (     ) are modified Bessel functions, and   
is the radius of cone at bottom base. Considering that the radius at the tip is 
very small (     ), equation (5.12) can be simplified as: 
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where         , is the Euler constant. Here, the refractive index change of 
GaN caused by Schottky junction and doping is ignored in the calculation 
since the index difference between intrinsic and heavily doped GaN was found 
to be only 0.3% [134]. Figure 5.12 (a) and (b) plot the real and imaginary part 
of  . The SPP resonant frequency for Au, Ag and Al are 2.13eV, 2.8eV and 
5.7eV, respectively. Substituting equation (5.13) into (5.11), we obtained an 
approximated solution to DOS of SPPs on V-pits, as plotted is figure 5.12(c).  
From the DOS, we can explain the effects of metals on the PL spectra and the 
carrier recombination rate (Table 5.1) of LEDs. For the case of Ag, the 
dispersive curve of SP shows the best overlap with PL spectrum, thereby 
yielding the highest density of SP states and carrier recombination rate. Since 
the DOS for Ag increases rapidly as photon energy increases, there is a large 
blue shift in PL spectrum for the Ag-coated sample. For Au, however, due to 
its much lower resonant frequency, there is negligible spectral overlap with PL 
spectrum, resulting in a slightly enhanced recombination rate. In the case of Al, 
although its resonant frequency is in the UV range, there is still some spectral 
overlap with PL spectrum and it also provides a large number of SP states. 
Therefore, Al also shows a relatively high enhancement in carrier 
recombination rate. Since the DOS only increases slightly as the photon 
energy increases, the PL spectrum of Al-coated sample only shows 2nm blue 




Figure 5.12 (a) Real and (b) imaginary part of dispersion curve of SPP at 
GaN/metal interface on V-pit. Dash line is the QW emission spectrum. 
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Figure 5.13 shows the calculated electric field distributions at the V-pit for 
different metal coatings at the QW emission peak wavelength. Since Ag shows 
the best overlap between SPP resonance and the QW emission spectrum, its 
SPP mode exhibits the highest field enhancement at the V-pit. This 
enhancement is also shown for Al-coated V-pit but with lower field intensity 
compared to Ag. For Au, the enhancement is very low due to its low 
resonance frequency. 
 
Figure 5.13 Electric field intensity distributions at the V-pit at QW emission 
peak wavelength. Y-axis is set to be the same scale for comparison 
 
5.6.4 SPP coupling efficiency 
We have also calculated the SPP coupling efficiency in textured LED. Figure 
5.14 shows the FDTD simulation results of SPP-QW coupling efficiency as a 
function of spacer thickness on a flat and V-pit surface. On a flat surface,     
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reduces rapidly with distance. The dipole is strongly coupled to the SPP only 
when it is within a distance of 40nm. On the V-pit surface, SPP modes are 
excited at the tip of the V-pit. Energy is strongly localized at the V-pit before 
dissipating in the metal or scattered out as photons. Compared to the flat 
surface, the coupling efficiency of the V-pit shows a rapid decrease within a 
distance of 10nm, followed by a gradual decrease with distance. 
 
Figure 5.14 (a) SPP-QW coupling efficiency as a function of spacer thickness 
for Ag-coated flat and V-pit surfaces at PL peak wavelength. (b) Simulated 
electric field distributions for Ag-coated flat and V-pit surfaces at spacer 
thicknesses of 10nm, 100nm and 200nm. 
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The fast decrease comes from the direct energy transfer from excitons to SPP 
modes on the metal surface since the dipole is within the field of SPP. It is 
similar to the case of flat surface. Outside the direct coupling range, the energy 
of the excitons is indirectly transferred to SPP through photon emission, 
leading to a gradual decrease of coupling efficiency. On a flat surface, this 
long range coupling is prohibited because of the momentum mismatch 
between photon and SPP mode. But with the presence of the V-pit, the sharp 
tip at the bottom of V-pit allows photons from QW to couple efficiently with 
SPP modes even at a large distance. This creates an additional path for the 
photons to recombine, increasing the density of photonic modes and thus 
recombination rate.  
 
5.7 The effect of spacer layer 
As shown in the simulation, the QW-metal distance is a critical parameter for 
SPP coupling. Here, we investigate the effect of QW-metal distance on PL 
intensity and carrier lifetime of the LED. The distance was controlled by 
depositing a spacer layer on the sample before coating a metal layer.  
Here, MgF2 with various thicknesses from 10nm to 80nm were used as spacer 
layers. These MgF2 layers were deposited by EBPVB at a pressure of 5e-7 
Torr. Figure 5.15(a) shows the TRPL spectra of Ag-coated samples with 10nm, 
50nm and 80nm thick MgF2 layers. It shows an increase of lifetime as the 
spacer thickness increases. Figure 5.15 (b) and (c) plot the exciton 
recombination rate and integrated PL intensity with the spacer thickness for 
metal-coated and bare samples. For bare sample, the recombination rate is 
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almost a constant and the PL intensity is only slightly affected by spacer layer. 
But for Ag and Al coated samples, the exciton recombination rate decreases 
rapidly with spacer thickness while PL intensity increases with spacer 
thickness. At a spacer thickness of 80nm, the recombination rates of metal-
coated LED approach to that of bare sample.  
These results show that the SPP-photon coupling is highly dependent on the 
distance between metal and V-pit. As the distance increases, the coupling 
efficiency reduces rapidly, resulting in a significant decrease of recombination 
rate. Since less energy is transferred to SPP, more energy from excitons is 






Figure 5.15 (a) Time resolved PL spectra for Ag-coated sample with 10nm, 
50nm and 80nm MgF2 spacer. Plots of (b) recombination rate and (c) 




5.8 The effect of V-pit density 
To further verify that the strong coupling is due to the V-pit structures, this 
section investigates the carrier lifetime in a metal-coated low density V-pit 
LED bought from the same company.  
 
Figure 5.16 (a) SEM image of textured LED with lower V-pit density. (b) 
Corresponding TRPL spectra for samples with and without metal deposition. 
 





, which is 3.3 times lower compared to that of high density V-pit 
LED in previous studies. TRPL measurement (figure 5.16 (b)) shows that the 
carrier lifetime only reduces slightly from 4.4ns to 3.8ns after depositing 50nm 
thick metal, which means that the energy transfer rate to SPPs is very low. The 
difference in carrier lifetime between Al and Ag is negligible since coupling 
efficiency is too low. This result demonstrates that a high density of V-pit is 
important for a strong SPP coupling in the textured LED. 
 
5.9 Conclusion 
In this work, we show that the metal-coated V-pits LEDs can be used as an 
efficient electrical platform for SPP coupling and have a great potential to be 
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used as high speed light sources. After depositing 50 nm thick metals, there 
was a strong interaction between QWs and SPPs on the V-pit, which results in 
22.3 times enhancement in the carrier recombination rate for Ag and 13.6 
times for Al at a QW-metal distance of 120nm. The LED efficiency was 
reduced from 22% to 8% for Ag, but it was almost unaffected by the Al layer. 
Calculation of DOS on the V-pit showed a good agreement with these 
experimental results. From FDTD simulation, V-pits showed a 3-4 times 
longer SPP coupling length compared to flat surface. The enhancement factor 
was observed to be strongly dependent on the density of SPP states, spacer 
thickness, and V-pit density. Since these V-pits are naturally formed by 
growth, this design does not require any nano-patterning and can be easily 
adopted in industry. This offers a simple method of converting a conventional 




Chapter 6 Electroluminescence modulation in a plasmonic 
LED 
6.1 Introduction 
LEDs are good candidates as light sources for visible light communication 
(VLC). This is due to their long lifetime, high efficiency and fast switching 
speed. By making use of the widely available LED infrastructure, VLC can be 
easily implemented into our daily life. The key requirement for utilizing LEDs 
in VLC is the ability to modulate their intensity at high speed. There are two 
major factors that limit the modulation speed of currently available 
commercial LEDs. One is the RC time constant and the other is the carrier 
recombination rate. To reduce the RC constant, a common method is to reduce 
the active area of the LED or use a current confined structure. By confining 
the current in a 76 µm-diameter aperture structure, Shi et. al have 
demonstrated a high speed GaN-based LED with a cut-off frequency of 330 
MHz [135]. To increase the carrier recombination rate, one approach is to 
increase the doping concentration in the LED. Chen et.al has reported a 
GaAs/GaAlAs LED with a cut-off frequency of 1.7 GHz using a heavily 
doped p-type layer [136]. However, due to the high non-radiative 
recombination rate at high doping concentration, this method causes a large 
drop of IQE from 80% to 10%. Modifying the electromagnetic environment of 
the emitter can also affect the spontaneous emission rate, as given by the 
Fermi’s golden rule [137]. This has been demonstrated by using cavities [138] 
[139] or photonic crystals [140]. As mentioned in the previous chapter, SPP 
coupling has also been used to enhance the carrier recombination rate in a 
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LED. The challenge, however, lies in the ability to electrically excite an LED 
while maintaining a high SPP coupling efficiency. The previous chapter 
presented a solution to this problem by using a metal-coated V-pit design. As 
an extension to this work, this chapter investigates the effects of SPP coupling 
on electroluminescence (EL) and the cut-off frequency of LEDs. We begin 
with the LED processing, followed by a detailed description of the 
characterization setups for electrical and optical measurements. The last 
section compares the performances of a SP-coupled LEDs with an uncoupled 
LED in terms of electrical properties, EL and cut-off frequency.  
  
6.2 LED processing 
To electrically excite the LED, it is necessary to make contacts on the device 
for carrier injection. This part describes the fabrication steps used in the LED 
processing. Before starting the process, LED wafers were cleaned in acetone 
solution by an ultrasonic cleaner for 5 min, then ultrasonically cleaned in 
isopropanol for 5 min, and subsequently immersed in deionised water to 
remove isopropanol residual. 
First, the samples were spin-coated with a layer of positive photoresist (AZ® 
5214E, thickness ~ 1.7 µm) and then baked on a hotplate at 90 degrees for 90 s. 
AZ 5214E is a photoresist that can be used as both positive and negative resist. 
For a single UV exposure with a low dose, usually within 50 mJ/s, it acts as a 
normal positive resist of which only exposed area will be dissolved in the 
developer. However, if we bake the photoresist for 2 min at 120 °C after UV 
exposure, the exposed area will form a special crosslinking which makes the 
112 
 
resist insoluble in the developer, while the unexposed areas still behave like a 
normal positive photoresist. This step turns the AZ 5214E into a negative 
photoresist. After a flood exposure (> 200 mJ/s), the cross-linked areas will 
still remain, while the rest are dissolved in the developer. This results in a 
negative image of the mask pattern. In the LED fabrication process, we only 
use AZ 5214E as a positive resist. The UV exposure was performed by a mask 
aligner (SUSS MicroTec, 8 mW/cm2) at a wavelength of 365nm and a 
exposure time of 5s. After exposure, the device was immersed in a developer 
(AZ® Developer) for 30 s to fully dissolve the exposed photoresist. The 
unexposed resist forms a mesa pattern on the LED, as shown in Figure 6.1(a). 
The second step is to perform dry etching (Unaxis ICP system) on the LED at 
6 °C using BCl3/Cl2 (20/10 sccm) gas for 4min. After etching, the samples 
were cleaned by AZ stripper (AZ® 300T). Due to the protective photoresist 
layer, the GaN area covered with photoresist remained intact (figure 6.1(b)). 
The etching depth was 1µm as measured by a surface profiler (KLA-tencor P-
16). 
The third step is to fabricate the n-contact on the LED. The samples were first 
coated with photo-resist (AZ® 5214E) and then irradiated by UV with a n-
contact mask pattern. After developing the photo-resist, a multiple metallic 
layers of Ti/Al/Ti/Au (10/150/15/200 nm) were deposited on sample as a low 
resistance contact to n-GaN [141] [142]. The deposition was carried out by 
EBPVD at a base pressure of 5x10
-7
 Torr. The samples were then immersed in 
acetone to perform metal lift-off. Only the UV exposed area was deposited 
with contact metals, as shown in figure 6.1(c). The samples were then 
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annealed at 750 °C for 45 s in a N2 (1000 sccm) ambient using a rapid thermal 
process (Jipelec) with a temperature rise time of 20 s. 
The fourth step is to make a p-contact. Similar to the steps used for the n-
contact fabrication, the sample was coated with photo-resist and then exposed 
to UV radiation. After development, a two-layer metallic film made of Ni/ITO 
(10/150 nm) was deposited on sample as a p-contact [143]–[145]. The p-
contact pattern is an array of periodic concentric rings with a period of 6 µm, 
as shown in figure 6.1(d). After the lift-off process, samples were annealed at 
500 °C for 2 min in air. 
The fifth step is to make a p-bond, which is used for improving the current 
spreading in the LED. The pattern of the p-bond is depicted in figure 6.1(e). 
The p-bond layer is made of a 200 nm thick Au layer that was deposited by 
EBPVD at a base pressure of 5x10
-7
 Torr. 
The last step is to deposit 50 nm of Ag (by EBPVD at a pressure of 5x10
-7
 
Torr) on the LED for creating SP coupling. The uncoated LED was used as a 
reference for comparison. Here, a Ag-coated LED and an uncoated LED are 




Figure 6.1 Fabrication steps used in LED processing. (a) Photoresist 
patterning using UV lithography. (b) Dry etching. (c) Deposition of metal for 
n-contact. (d) Fabrication of p-contact. Inset shows the p-contact pattern which 
comprises a concentric ring array with a period of 6µm. (e) Deposition of p-
bond (f) Deposition of Ag (g) Optical image of LED after processing. (h) 
Image of LED with electrical excitation. 
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6.3 Characterization method 
This section introduces the experimental setup for current-voltage (I-V), light-
current (L-I), and cut-off frequency measurements. 
6.3.1 I-V curve and L-I curve 
Figure 6.2 shows the experimental setup for I-V and L-I measurements. The 
LED was connected to a voltage source-meter (Keithley Model 2400) by a 
probe station. Both current and voltage in the LED can be measured by the 
sourcemeter, which produces the I-V curve of LED. The light from LED was 
collected by a long working distance objective lens and then focused onto a 
fibre-coupled spectrometer (Ocean optics). Due to the Ag film on top, LED 
emission was measured from the polished backside of sample. The light 
intensity was determined by the integrated EL spectrum. By measuring the EL 
spectra with increasing current, we can obtain the L-I curve for the LED.  
 
Figure 6.2 Schematic diagram of experimental setup for I-V and L-I 
measurements. 
 
6.3.2 Electrical modulation 
Figure 6.3 shows the setup for electrical modulation of LED. The LED was 
driven by an AC signal from a pulse generator (400/600 MHz Agilent 81130A) 
and a DC bias from a voltage source. The waveform of the AC signal is a 
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square wave with an amplitude of 1.5V. The emitted light was then detected 
by an amplified detector, via a set of collimating lenses. An ultrafast 
oscilloscope (1.5GHz Agilent MSOX4154A) was used to display the 
input/output signal.  
 
Figure 6.3 free space LED modulation setup 
 
The cut-off frequency, or 3dB frequency, is defined as the frequency at which 
the power transmitted through the system is reduced to half of its low-
frequency value [146]. To obtain the 3dB frequency of the LED, we 
approximate the LED as a linear device since the intensity is almost linearly 
dependent on the current in its normal operating range.  
For a LED modulated by a square wave signal (figure 6.4), as the current 
jumps from 0 to   , the optical power increases according to 
        (   
 
 
  ) (6.1) 
 And as the current returns to zero, the power decreases as 
         
 
 
   (6.2) 
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where    and    are the time constants of the LED. The rise and fall times are 
defined as the time difference when the optical power varies between 10% and 
90%, as shown in figure 6.4. They are related to the time constants by 
                            (6.3) 
Assuming that         , so 
            (6.4) 
 The power transfer function for LED is given by 
     
 ( )  (     )   (6.5) 
The 3dB frequency is the frequency when     
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 (6.6) 
From equation (6.6), the 3dB frequency of LED can be calculated from the 
rise and fall times. Here, the rise and fall times were measured directly from 
the LED output signal using a square wave modulation. 
 





Electroluminescent intensity is one of the most important properties of a LED. 
This section compares the emission intensity of the Ag-coated plasmonic LED 
with a conventional LED. 
Figure 6.5 shows the I-V curve and L-I curve of the Ag-coated plasmonic 
LED and conventional LED. From the I-V curve, both conventional LED and 
plasmonic LED show an efficient current injection but with a slight difference 
in starting voltage. From the linear fit curves, the starting voltage for a 
plasmonic LED is 4.2 V while for a conventional LED is 3.8 V. This 
difference may be due to the additional resistance from the Ag film. However, 
as the voltage increases, the current in the plasmonic LED increases faster 
than the conventional LED, which may be due to improved current spreading 
by the Ag film. At a voltage above 5 V, the plasmonic LED shows a higher 
current than the conventional LED. The resistance of the LED can be derived 
from       ⁄ , which is the slope of the linear fit curve. Here, the 
plasmonic LED has shown a lower resistance (14.7 ) than the conventional 
LED (22.4 ) at high voltage. It means that depositing a Ag film on the LED 
can improve the electrical conductivity in the LED. The plots of the 
electroluminescent intensity as a function of current are shown in figure 6.5(b). 
At a current of 70mA, the intensity of the plasmonic LED is about 30% lower 
than that of the conventional LED. This large energy loss is due to the poor 
extraction efficiency of SPs. Most of energy that is transferred from carriers to 
SPPs is absorbed by the metal rather than emits as photons. It is very 
necessary to improve the SP extraction efficiency in the future, in order to 




Figure 6.5 (a) I-V curves and (b) L-I curves of Ag-coated plasmonic LED and 
conventional LED. Dash lines are linear fitting curves. 
 
6.5 LED cut-off frequency 
The switching speed of the LED is fundamentally limited by the carrier 
lifetime. In the previous chapter, we showed that carrier lifetime can be 
significantly reduced by SPP coupling. This section presents the effect of 
metal on the cut-off frequency of the LED. 
Figure 6.6(a) shows the optical images of textured LEDs. We have made three 
different sizes of LEDs to investigate the effect of LED area on the cut-off 
frequency. Figure 6.6(b) shows a plot of frequency response as a function of 
DC voltage. For all the samples, the 3dB frequency increases with voltage due 
to the increased carrier injection. For a LED with diameter of 300 µm, the 
frequency difference between a plasmonic LED and conventional LED is very 
small (blue curves). However, as the diameter reduces from 300 µm to 200 µm, 
the plasmonic LED shows a little higher cut-off frequency than the 
conventional LED (red curves). At the diameter of 100 µm, we can see a 
distinct difference between the two types of LED (black curves). At 10 V, the 
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plasmonic LED shows a much higher 3dB frequency of 190 MHz compared to 
110 MHz for a conventional LED.  
In the previous chapter, TRPL measurement showed that SPP coupling can 
increase the carrier recombination rate by 23 times. But the actual LED 
modulation speed does not increase so much. This is due to the delay from the 
LED RC constant. For LEDs with a large size, the LED response is mainly 
limited by the RC delay. So the speed is not significantly improved by the SPP 
coupling. For a smaller LED, the RC delay is lower and intrinsic carrier 
recombination rate becomes the dominant factor. Due to the fast carrier 
recombination in the plasmonic LED, its cut-off frequency is much higher 





Figure 6.6 (a) Optical images of LEDs. (b) The plot of 3dB frequency with 
DC bias for Ag-coated LED and uncoated LED. (c) The optical response of 
Ag-coated and uncoated LEDs (D=100µm) driven by a square signal at a DC 








In this chapter, the effect of SP coupling on the EL and cut-off frequency of 
the textured GaN LED was investigated. I-V curve showed that SPP coupling 
in textured LED did not cause any degradation of LED electrical properties. 
However, due to metal absorption, the output power of the plasmonic LED 
was observed to be 30% lower than conventional LED. Electrical modulation 
of a 100µm-diameter LED showed a 65% higher cut-off frequency for a 
plasmonic LED compared to that of a conventional LED. For the LED with 
large areas of 200 and 300 µm, due to the large delay from RC constant, the 
cut-off frequency was not significantly improved by SP coupling. In order to 
utilize LEDs for high-speed communication, it is necessary to minimize the 
RC constant in LED. However, the common method to reduce RC constant is 
to reduce the active area of LED at the expense of output power. Future work 
will focus on developing a method that can reduce the RC decay while 




Chapter 7 Conclusion 
7.1 Summary 
This thesis addresses some of the issues that are facing the field of plasmonics 
research such as the high optical loss associated with waveguiding and 
difficulty in integrating plasmonic coupling in a III-V LED. Through our 
research, we show ways of mitigating loss using metal assisted photonic mode 
guiding. Instead of using the plasmonic mode which is very lossy, this mode 
offers much longer propagation with slight reduction in the confinement factor 
near its cut-off limit. This can be used as an alternative way of achieving 
amplification and even lasing using gain compensation.  
We introduce a new technology of surface smoothing using gas cluster ion 
beam to obtain high quality ultrathin, smooth silver structures. This 
technology has the ability to smooth a surface, increases grain size and reduce 
voids in a single irradiation step. We show that ultrathin films formed by 
GCIB shows superior performance in terms of its optical and electrical 
properties after irradiation. This is due to the reduced scattering loss caused by 
polycrystalline silver films. We show for the first time, that this technique can 
be suitably used for plasmonic applications that require ultrathin films such as 
superlens and hyperlens.   
In the last topic, we demonstrate a way of introducing SPP coupling into an 
LED without having to modify the LED layer structure. This is a textured type 
of plasmonic LED structure that has not previously been studied in detail. Our 
results are very promising and we show evidence of coupling even at 
relatively large distances, through an increase in the recombination rate. As 
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the textured design was made by a natural growth process, it eliminates any 
need for nanofabrication over a large area and thus can be easily adopted in 
industry. This design offers a simple approach of converting a conventional 
LED into a high speed LED for applications in visible light communications. 
This work has provided simple and effective solutions to the practical issues in 
plasmonic devices, and brings plasmonic research one step closer to 
commercialization. 
 
7.2 Future work 
From the work presented in this thesis, there are several topics for future study.  
7.2.1 Active photonic devices 
One of the possible future directions is to develop active photonic devices 
such as lasers or amplifiers using metal-assisted photonic mode, as described 
in chapter 3. Although this mode is limited by the diffraction of light, it shows 
much lower loss compared to plasmonic guiding and higher confinement than 
photonic guiding in a conventional polymer waveguide. Unlike plasmonic 
mode whose field is concentrated at metal surface, this photonic mode shows a 
large overlap with active medium, which means that it is much more sensitive 
to the optical properties of waveguide material. Therefore, it can be used as 
either a optical sensor by using environment sensitive materials or a polymer 
laser by doping gain media into the polymer. 
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7.2.2 High brightness and high speed V-pit LED 
Another future work is to improve the brightness and speed of the textured V-
pit LED. In chapter 5, studies on V-pit LED show that SPP coupling causes a 
large drop of IQE from 22% to 9%, due to the poor radiative emission of SPPs 
on the V-pit. We are going to solve this problem in two ways. One way is to 
optimize the V-pit structure, such as increasing the V-pit density or 
roughening the V-pit surface, so that SPPs are more likely to be converted to 
freely propagating light rather than absorbed by metal. Another approach is to 
utilize LSP coupling by placing metallic nanoparticles on the V-pits. 
Compared with metal films, metallic nanoparticles exhibit less loss due to 
their higher scattering coefficients. The LSP resonance frequency can also be 
tuned by the size and geometry of the nanoparticle. Therefore, by optimizing 
the size of nanoparticles, we can get the maximum output from LED. 
7.2.3 Integrating LED with meta-surface 
Recently, meta-surfaces have attracted many interests for its ability to control 
the properties of light by using an ultrathin patterned layer. The meta-surface 
consists of a thin layer of metallic nanostructures that can provide a large 
phase shift to compensate the momentum mismatch between surface wave and 
free electromagnetic waves. Although many schemes of manipulating light at 
surface have been demonstrated, integrating LEDs with meta-surface has not 
been fully explored. The integration can provide more benefits for LED 
applications such as VLC. Meta-surfaces can not only enhance the 
spontaneous emission rate and the quantum efficiency of the LEDs through 
the SPP coupling, but also can control other properties of LED such as the 
emission angle and polarization. Compared to conventional optical 
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communication that only utilizes the intensity, the use of meta-surface can 
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Appendix B Simulation method  
To calculate the spontaneous emission rate in LED, a dipole source was used 
to represent the electron-hole recombination in QW. For a dipole source in 
classical picture, its spontaneous emission rate is associated with its dipole 
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where    is the dipole moment,   and   are the decay rate and radiated power 
in an inhomogeneous environment, and    and    are the decay rate and 
power radiated in a homogeneous environment. Equation (B.1) indicates that 
decay rate can be modified by driven field   (  ), which is the back scattered 
field at dipole location in an inhomogeneous environment. By using equation 
(B.1), we are able to determine the change of spontaneous emission rate from 
dipole power in an arbitrary environment. Therefore, the decay rates for metal-
coated and uncoated structures are 
          
      
  
 (B.2) 
             
         
  
 (B.3) 
where        and            are the dipole power when QW structure is 
coated with metal and without metal, respectively. So the enhancement factor 
due to QW-SPP coupling is 
     
      
         
 
      




As spontaneous emission is isotropic and incoherent, the enhancement factor 
is averaged over x, y and z polarization. 
To calculate the dipole power, FDTD simulation was carried out by 
commercial software, Lumerical FDTD Solution. The simulation model for a 
flat surface is shown in figure B.1. The simulation span is 15µm in x-direction 
and 2.2µm in y-direction. Perfect matching layers are used as the simulation 
boundaries. A dipole source is placed at QW position with a distance of d 
from the metal film. To reduce the simulation time and memory requirement, 
anti-symmetric and symmetric boundary conditions are used for x-polarized 
dipole and y-polarized dipole, respectively. A power monitor, as shown in 
figure B.1(c), surrounds the dipole and calculates the total dipole power.  
 
Fig B.1. (a) simulation model for SP-dipole coupling on flat surface. Inset 
shows the anti-symmetric and symmetric condition for x-polarized and y-
polarized dipoles. (b-c) Zoom in views of the dipole location. d is the gap 

















Appendix C Finite Difference Method  
The finite difference method is to approximate the solutions to the differential 
equations using finite difference equations to approximate derivatives. Take 
the 1D wave equation as an example: 
 
   
   
   
   
   
 (5.2) 
In order to find difference equations to the derivatives in equation (5.2), 
 (   ) is approximately described using the Taylor’s series expansion. For 
 (   ) at the points       in space domain at a given    , 
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 (5.3b) 
and the expressions for  (   ) at       in time domain at a given    are  
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From equations (5.3) and (5.4), the derivatives in equation (5.2) can be 
approximated as 
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Equations (5.5) are referred to as 2
nd
 order accurate central difference 
approximations in space and time. Substituting equations (5.5) into (5.2), this 
yields 
 (         )
 (   ) [
 (         )   (      )   (         )
(  ) 
]
   (      )   (         ) 
(5.6) 
From equation (5.6), we can see that the value of  (         ) in the next 
time step can be determined by the values of previous time steps. If the initial 
condition (   ) for all grid points is given, applying equation (5.6) to all the 
points will yield a complete set of values for  (      ) in the first time step. 
These values then can be used for calculating  (        ) in the next time 
step and so forth. By repeating this process, an approximated solution to the 
wave equation in both time and space domains can be obtained. For solving 
Maxwell’s equation, the Yee algorithm[147] is widely employed in FDTD 
simulation. This algorithm solves for electric and magnetic fields in both space 
and time using the coupled Maxwell’s curl equations, which is more robust 
than solving for either electric or magnetic field alone with a wave 
equation[148]. 
 
